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SUMMARY 
 
Understanding the function of the AGAMOUS subfamily 
genes in rice 
 
In our Laboratory we are interested in the study of the genes that orchestrate 
the sexual organ formation and ovule development in rice (Oryza Sativa L), a 
model species for monocots. Several published works have shown that the 
MADS domain transcription factors belonging to the AGAMOUS subfamily 
of Arabidopsis thaliana play important roles during the development of 
stamens, carpel and ovules but also play roles in floral meristem determinacy.  
Despite the extensive knowledge that has become available about these 
MADS domain transcription factors in Arabidopsis thaliana, little was known 
about these genes in rice, a species that is quite distant from an evolutionary 
point of view. 
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Preliminary data for OsMADS3 and OsMADS58 gene 
functions 
 
Analyzing the results published by Yamaguchi and colleagues in 2006 for the 
rice genes OsMADS3 and OsMADS58, we had some doubts about the 
consistency of their data and the conclusion drawn for these. This first reason 
is that the osmads3-2 mutant used by Yamaguchi to create the double mutant 
osmads3-2 osmads58 RNAi, presents a milder phenotype than the osmads3-3 
knock-out mutant (Yamaguchi et al., 2006). In other words, they analyze the 
strong osmads3-3 single mutant, but for making a double mutant with 
osmads58, they use a milder allele. Moreover, the phenotypic characteristics 
of the mutant osmads3-2, unlike the mutant osmads3-3, can be observed only 
in a low percentage of flowers.  
The second reason is that the RNAi approach used by the Japanese group to 
obtain the osmads58 mutant, can also lead to down-regulation of OsMADS3, 
which could make the obtained data unreliable. Alignments of the sequence 
used for silencing OsMADS58 showed stretches of homology with OsMADS3 
(Figure 1). The RNase Dicer cuts the double-stranded RNA into fragments of 
about 21 nucleotides that are subsequently paired to the target mRNA, leading 
them to degradation (Schwab et al., 2006). In the OsMADS3 and OsMADS58 
sequences, there are regions of 21 or more nucleotides that are the same and 
it is very likely that RNAi silence in the same way OsMADS3 and OsMADS58, 
invalidating the obtained data. In our laboratory we used a mutant of the gene 
osmads58 obtained by the insertion of a transposon of maize, coming from 
Sundaresan lab. (UC Davis), in this mutant it is not possible to observe a total 
shutdown of the gene OsMADS58, but a reduction in expression of about 35 
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times as compared to WT (qRT-PCR) (Figure 2), without interfering with the 
expression of the gene OsMADS3. 
 
 
Figure 1 Alignment from the K-box region to the C-terminal of the genes OsMADS3 and OsMADS58. The red 
indicates the number of consecutive identical nucleotides in areas of high similarity (Dreni et al., 2007). 
 
 
Figure 2 OsMADS58 expression in osmads58 mutant obtained by the insertion of a transposon of maize, coming from 
Sundaresan lab. (UC Davis). 
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The third reason is that expression analysis using an RNA in-situ hybridization 
approach of the genes OsMADS3 and OsMADS58 gave different results from 
those obtained by Yamaguchi and colleagues. It has been noted that the 
expression of both genes is the same during different stages of flower 
development, in contrast to what is currently published. The protein 
conservation between OsMADS3 OsMADS58 is 96% in the MADS domain 
and 67% the whole protein, this suggest a possible functional conservation of 
these proteins, which has been evaluated in several experiments carried out in 
our laboratory.  
Based on these preliminary data, it was decided to verify the data published in 
literature for OsMADS3 and OsMADS58 starting from the analysis of the 
single mutants, and cross them to obtain the double mutant (osmads3-3 
osmads58). Subsequently we crossed the single mutant osmads3-3 with the 
mutant osmads13, to check the possible redundancy of genes in the 
determination of floral meristem activity and ovule development. The results 
of these studies are reported in Chapter II. 
 
Study the molecular network involved in ovule development 
 
In the second part of my project we moved our attention to rice ovule 
development trying to elucidate the molecular network involved in this 
complex process. The MADS domain transcription factors OsMADS13 is the 
rice ovule identity gene, it is specifically expressed in the ovary during all 
developmental stages. The osmads13 single mutant is female sterile because 
the ovules are converted into carpelloid structures. In Chapter III are reported 
the experiments that we have done to identify the genes that are modulated by 
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OsMADS13 in the ovary. Since MADS domain proteins recognize and bind 
CArG boxes [CC(A/T)6GG], tools to find the OsMADS13 putative direct 
target were shown. 
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STATE OF THE ART 
 
Inflorescence development in rice 
 
The transition from the vegetative to the reproductive phase takes place in 
response to environmental cues such as day length and temperature. In rice, 
after the last foliage leaf formed, called flag leaf, the shoot apical meristem 
(SAM) is converted to an inflorescence meristem (in rice this is called the 
rachis meristem) and later the first bract (bract 1) is formed. It is possible to 
distinguish the rachis meristem from the shoot apical meristem (SAM) 
because the rachis meristem is larger and taller than the SAM. Subsequently 
bract 2 and the primary branch primordia are formed in the same time, and the 
ten or more bracts and primary branches are produced in a spiral arrangement. 
When the bract 3 primordium is formed, the rachis meristem reaches its 
maximum size, and primary branch primordia start to be formed in a spiral 
arrangement. Therefore a gradual change from 1/2 alternate phyllotaxy 
(characteristic of vegetative phase) to spiral phyllotaxy can be observed in 
early reproductive stages. After producing ten or more primary branch 
primordia the rachis meristem is assumed to abort; in fact in the mature 
inflorescence we cannot find a terminal flower. In situ hybridization 
expression analysis of the gene OSH1, normally expressed in indeterminate 
cells in the meristem and not expressed in determinate or aborted cells (Sato 
et al., 1996), have shown that the rachis meristem is programmed to lose its 
activity after producing a cultivar specific number of primary branches (Ikeda 
et al., 2004). 
The elongation of the primary branch inflorescence primordia start 
simultaneously when all primordia have been formed, subsequently 
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development is faster in distal branches than in proximal ones. The 
meristematic activity is maintained in the apex of each primary branch and 
produce later organs like bracts, secondary inflorescence branches and 
spikelets. The secondary branch meristem formed in the distal region of 
primary branch is immediately transformed without producing lateral organs. 
The fate of the rachis meristem differ from that of primary branch meristem 
and secondary branch meristem, in fact the rachis meristem is not converted 
to a spikelet meristem to form terminal spikelets.  
Rachis and branches start rapid elongation when the inflorescence became 
40mm long and all the floral organ primordia start to be formed.  
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Rice flower development 
 
Rice flower development can be summarized in eight different stages (Ikeda 
et al., 2004). During the first phase, called Sp1, the spikelet meristem gives 
rise to the primordia of the rudimentary glumes. At stage Sp2, sterile glumes 
are formed, which are located in the same position of the rudimentary glumes. 
The origin of the primordium of the lemma occurs in the next step called Sp3, 
and the formation of the primordium of the palea in step Sp4. The lodicules 
are formed in phase Sp5 and the stamens in the next phase, called Sp6. During 
stage Sp7 the floral meristem gives rise to the carpel primordia, and stamens 
complete differentiation originating filaments and anthers. During the last 
phase called Sp8, three fused carpel primordia emerge laterally enclosing the 
floral meristem (FM). In many grasses including rice, only the two lateral 
carpel primordia produce a stigma, whereas in other grass species like some 
bamboos all carpel primordia develop stigmas. Inside the developing fourth 
whorl, the inner FM turns gradually downwards and differentiates into a 
hemianatropous ovule (Lopez-Dee et al., 1999; Itoh et al., 2005). Interestingly, 
in grasses, the ovule directly derives from FM cells (Lopez-Dee et al., 1999; 
Itoh et al., 2005; Dreni et al., 2007), which is clearly different from what 
happens in Arabidopsis and many other plant species, where ovules develop 
from newly emerging meristematic tissues (Colombo et al., 2008).  
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Pollen grain formation 
 
The process of pollen grains formation starts from a cell called archespore, 
which differentiates into a pollen mother cell. Subsequently the differentiated 
cell undergoes meiosis, giving rise to 4 haploid cells very close to each other 
(pollen tetrad). The pollen tetrad cells distance themselves and initiate the 
differentiation of the pollen grain wall, and when the maturation is complete, 
a mitotic division originates a bi-nucleated cell. A new mitotic division of the 
nucleus leading to two sperm cells: the male gametes. In rice the process of 
pollen maturation is completed the day before flowering, when the pollen 
grain becomes perfectly round and the morphological differentiation has 
finished.  
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Ovule, embryo and kernel development 
 
Rice ovule development starts when the length of the inflorescence is less than 
a centimeter and can be divided into nine stages (Lopez-Dee et al., 1999). The 
formation of the ovule primordium occurs from the inner layer of the floral 
apex thanks to the meristematic cells in active division (Ov1), most of these 
forms the nucellus, while a subepidermal cell develops into the archeospore 
(Ov2). The archeospore become polarized and differentiate generating the 
diploid megasporocite (Ov3), which can be easily recognized by its large 
nucleus. The diploid megasporocite, thanks to megasporogenesis (Ov4), leads 
to the formation of a linear tetrad of haploid megaspore, three of them 
degenerate, while the megaspore located at the chalazal pole of the nucellus 
becomes the functional cell (Ov5). The functional megaspore undergoes 
megagametogenesis, a process that consists in three mitotic divisions and 
leads to the generation of the so called embryo sac. The first mitotic division 
originates the two-nucleated female gametophyte (Ov6), the second forms the 
four-nucleated cell (Ov7) and the third the eight-nucleated megagametophyte, 
followed immediately by nuclear migration and cellularization (Ov8). During 
the maturation process of the embryo sac, there is the polarization of the egg 
cell and synergids, and the fusion of the two polar nuclei in the central cell. 
The antipodal cells divide forming a group of cells at the chalazal pole of the 
embryo sac (Ov9). After few years this model was proposed again with a small 
modification (Itoh et al., 2005), in fact in this papers the integuments 
primordium differentiation and division were grouped in two different stages. 
The formation of the integuments starts before megasporogenesis (between 
Ov2 and Ov4) and their development precedes the formation of the embryo 
sac. The inner integument, consisting of two cells layers, start to grow from 
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layer L1 of the primordium, while the outer integument, which differentiates 
early from epidermal and subepidermal cells, is composed by up to three cell 
layers. The development of the integuments is not synchronous, in fact, during 
megasporogenesis, the inner integument completely envelops the nucellus, but 
the outer integument does not keep up with the downward curvature of the 
ovule. Hence, the basal portion of the mature ovule is covered by both 
integuments, but the abaxial side of the ovule is enclosed only by the inner 
integument. The funiculus, containing a single vascular bundle that runs along 
it, develops on the adaxial side of the ovule. The rice ovule is ready to be 
fertilized one day before anthesis, causing almost complete self-fertilization. 
When the pollen falls on the stigma, it germinates forming a pollen tube able 
to grow into the style to reach the ovary and grows to the ovule which it enters 
through the micropyle to release the two sperm cells. At this stage the double 
fertilization process takes place: a sperm cell fuses with the egg cell giving 
rise to the diploid zygote, which through successive mitotic divisions will 
generate the embryo. The other sperm cell fuses with the bi-nucleate polar 
cell, giving rise to the triploid endosperm. The development of embryo and 
endosperm proceeds up to the formation of the kernel, consisting of mature 
ovary and the residues of lemma, palea, rachis and rudimentary glumes. Each 
kernel contains a single seed surrounded by some very compact layers of cells 
called pericarp, derived from the inner integument and from the nucellus. The 
endosperm is mainly composed of starch and has the function of feeding the 
embryo during development and germination stages, it occupies most of the 
caryopsis and is covered by a thin cell layer, called aleurone, in contact with 
the integuments. The embryo occupies only one fifth of the length of the 
caryopsis and it is located in its ventral part, in proximity of the base of the 
lemma. The embryo contains the shoot primordium enclosed in the coleoptiles 
Molecular control of reproductive organ development in rice (Oryza Sativa L.) 
13 
 
and the primordium of the root covered by the coleoriza. The coleoptile and 
coleoriza together form the embryonic axis, which is wrapped in a thick layer 
of cells called the cotyledon or scutellum. 
 
Rice inflorescence and flower morphology 
 
The rice inflorescence and flower morphology is quite different from those of 
model eudicots (Arabidopsis thaliana, Antirrhinum majus, and Petunia). In 
particular the rice inflorescence, called panicle, is formed by a grass specific 
structure named spikelet. The panicle is composed by a principal axis called 
the rachis divided by 6-20 knots from which originate the branches and 
subsequently the secondary branches. The rice flower is inserted on the 
secondary branches through a pedicel whose apex supports two rudimentary 
glumes and two sterile bracts, called sterile glumes. The flower is enclosed by 
two morphologically distinct bract-like organs that are the lemma and palea. 
These have an apiculo to their tip, but the lemma, unlike the palea, ends with 
a filiform protuberance called arista, probably providing a protective function 
for the floral structures. At the base of the flower, between the ovary and the 
glumes, there are two lodicule that become turgid during anthesis, allowing 
the opening of the flower. In the rice flower are six stamens present, each one 
consisting of a single anther, formed by four pollen chambers and supported 
by a filament. The gynoecium is formed by a pistil that is divided in an ovary 
containing a single ovule, a style and a bifurcated stigma (Yoshida and 
Nagato, 2011).   
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The ABC model 
 
Flower development can be explained through the so-called ‘ABC’ model, 
which was proposed in the early ’90 and based on observations of flower 
mutants in two eudicot model species: A. thaliana and A. majus (Clark et al., 
2002; Coen and Meyerowitz, 1991). In Arabidopsis thaliana the flowers are 
composed of four layers of ring-shaped regions called whorls, and the action 
and the interaction of A-, B-, and C-class genes is important for the 
determination of the floral organ identities. In Arabidopsis thaliana the sepals 
are specified in whorl 1 by A-class alone, the petals by A- and B-class together 
in whorl 2, the stamens by B- and C-class in whorl 3, and finally, the carpel 
by C-class alone in whorl 4. C-class genes also play important roles in floral 
meristem determinacy and repress A-class genes activity in the inner two 
whorls. More recently MADS-box genes have been studied in Petunia 
hybrida, which led to the discovery of a new class of genes responsible for 
ovule identity, called D class (Colombo et al., 1995); the ABC model was 
therefore extended to the ABCD model. 
Some years later it was shown in Arabidopsis that the A, B, C and D class 
proteins are only functional when they establish interactions with a different 
group of MADS-domain proteins, which is the SEPALLATA subfamily 
(Davies et al., 1996; Honma and Goto, 2001; Pelaz et al., 2000; Favaro et al., 
2003). SEP proteins act as molecular bridges allowing the combination of 
different MADS-domain proteins to form higher order complexes with 
different transcriptional regulation activities (de Folter et al., 2005; Immink et 
al., 2009). SEP genes are therefore indicated as class E and the original ABC 
model has finally become the ABCDE model (Theissen, 2001).  
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In Arabidopsis thaliana except for APETALA 2 (AP2) as an A-class gene, all 
of the ABCDE functions are encoded by genes belonging to the MADS-box 
family. Notably, the A-class function in perianth organ specification is 
controversial because no recessive A-class mutant has been identified from 
other species than Arabidopsis thaliana, raising the recent proposal of an 
(A)BC model (Litt, 2007; Causier et al., 2010). In this model the (A) function 
acts to establish the floral meristem identity and to facilitate the production of 
the sepals, the ground state of ﬂoral organs. Later, (A) function is required for 
the activation and regulation of the B- and C- functions and for the 
establishment of the boundaries between the B- and C- functions. In 
conclusion, (A)-function is needed to enable the B- and C-functions to exert 
their control over ﬂoral organ identity (Causier et al., 2010). 
Thanks to phylogenetic analysis it was possible to identify orthologous 
ABCDE genes in many other species. Studies carried in various species 
showed that the (A)BCDE model seems to be highly conserved even in 
distantly related monocot species, like for instance rice (Figure 3). 
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Figure 3 Phylogenetic tree of MADS-box proteins involved in rice and Arabidopsis flower development. (Kater et 
al., 2006). 
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A-class genes 
 
The A-class genes of Arabidopsis thaliana are called APETALA1 (AP1) and 
APETALA2 (AP2), the ap1 mutant shows a homeotic conversion of sepals into 
bracts, and these flowers lack petals (Bowman et al., 1989). Whereas the ap2 
mutant shows the conversion of sepals into carpels and stamens into petals 
(Jofuku et al., 1994). The rice orthologs of AP1 (class A) are OsMADS14, 
OsMADS15 and OsMADS18, and according to the present knowledge, they 
are involved in the determination of the identity of the floral meristem rather 
than having an Arabidopsis type of A-class function (Kobayashi et al., 2012). 
OsMADS14 and OsMADS15 show an expression pattern similar to that of AP1 
of Arabidopsis: initially they are expressed throughout the floral meristem and 
subsequently their expression is confined to the primordia of the glumes, 
lemma, palea and lodicules (Kyozuka et al., 2000; Pelucchi et al., 2002). 
OsMADS18 is widely expressed in all the plant tissues. Experimental data 
show that the overexpression of OsMADS18 in Arabidopsis confers a 
phenotype similar to the ap1 mutant. OsMADS18 is able to subtract AP1 
protein partners from active transcription factor complexes, demonstrating 
that some proteins able to interact with AP1 are also able to interact with 
OsMADS18 (Pelucchi et al., 2002; Fornara et al., 2004). The overexpression 
of OsMADS18 in rice, leads to the acceleration of the vegetative shoot 
meristems differentiation program, whereas silencing using RNA interference 
(RNAi) approach did not result in any visible phenotypic alteration.   
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B-class genes 
 
The genes APETALA3 (AP3) and PISTILLATA (PI) are the B-class genes of 
Arabidopsis thaliana. In ap3 and pi loss-of-function mutants, petals are 
replaced by sepals and stamens by carpels clearly showing that these genes 
control petal and stamen identity.  
In rice are present three orthologs of the Arabidopsis thaliana B-class genes 
that are OsMADS2, OsMADS4 e OsMADS16. OsMADS4 is expressed in 
stamens and in lodicules primordia, and its suppression leads to the conversion 
of lodicules in paleas/lemmas and stamens into carpels. OsMADS2 is also 
expressed in stamens and lodicules, but its expression is higher in lodicules. 
The osmads2 mutant displays the conversion of lodicules into palea/lemma, 
but the development of stamens is not altered (Prasad and Vijayraghavan, 
2003). Therefore it is supposed that OsMADS2 is specialized in the 
determination of lodicule identity. The gene OsMADS16, also named 
SUPERWOMAN1 (SPW1), is specifically expressed in lodicules and in 
stamens (Moon et al., 1999a, 1999b; Nagasawa et al., 2003). Recessive 
mutations in SPW1, lead to the conversion of the stamens into carpels and 
lodicules into palea/lemma (Nagasawa et al., 2003; Prasad and Vijayraghavan, 
2003). A similar phenotype was obtained by RNAi based silencing of SPW1 
(Xiao et al., 2003). It was observed that the ectopic expression of OsMADS16 
leads to the homeotic transformation of carpels into stamens, but without any 
modification of the other whorls (Lee et al., 2003).   
Molecular control of reproductive organ development in rice (Oryza Sativa L.) 
19 
 
C-class genes 
 
AGAMOUS (AG) is the only C-class gene of Arabidopsis thaliana, in the ag 
mutant we can observe the conversion of stamens into petals, and a new ag 
flower develops instead of the carpel. Therefore flowers are formed by a 
succession of sepals-petals-petals and are completely sterile (Bowman et al., 
1991; Drews et al., 1991). AG also plays an important role in floral meristem 
determination, as can be noted by the repetition of the whorls present in the 
mutant.  
The conservation of the C function was also confirmed in other plants. In 
Antirrhinum majus, the mutation of the C-class gene PLENA lead to the 
homeotic conversion of stamens into petals, while sepaloid or petaloid organs 
replace carpel. Moreover, like the Arabidopsis ag mutant, determinacy is lost 
in the most inner whorl (Bradley et al., 1993). 
FBP6 and pMADS3 are the C class genes of Petunia hybrida. The fbp6-1 
mutant flowers displays partial anther to petal conversions (Heijmans et al., 
2012). Looking to the gynoecium, an incomplete fusion of the style and stigma 
inner tissues, and the transformation of the stigma into sepal- or leaf-like 
structures can be observed. The silencing of pMADS3 by an RNAi approach, 
produced more severe homeotic conversions of stamens, with a reduction in 
the amount of pollen, but the gynoecium developed normally. Looking to 
plants homozygous for fbp6 carrying the pMADS3-RNAi construct, it is 
possible to observe a full C function mutant phenotype, with the nearly 
complete or complete loss of reproductive organ development and the 
formation of a new flower in the fourth whorl. 
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The rice genome encodes two AG orthologs called OsMADS3 and OsMADS58 
that will be presented later in detail in the paragraph related to the AGAMOUS 
subfamily.  
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D class genes 
 
Two genes of Petunia hybrida, named FLORAL BINDING PROTEIN7 
(FBP7) and FLORAL BINDING PROTEIN11 (FBP11), both expressed during 
ovule and seed development, were the first D-function genes discovered. 
Cosuppression lines in which both genes FBP7 and FBP11 were knocked 
down showed a transformation of ovules into carpel-like organs (Angenent et 
al., 1995). Later analyses suggested that the role of FBP7 and FBP11 may not 
be restricted to ovule identity specification; they also play a role in ovule 
differentiation and seed development (Colombo et al., 1997). In contrast with 
what was previously published by Angenent and colleagues in 1995, recent 
analysis on multiple transposon insertion alleles, have shown that ovule 
development was largely unaffected in fbp7 fbp11 double mutants, concluding 
that ovule identity is not only specified by the D-class genes, but this function 
is redundantly shared among all AG members. In fact a strong loss of ovule 
identity was obtained combining the fbp7 fbp11 double mutant with either the 
PMADS3-RNAi line or the fbp6 mutant (Heijmans et al., 2012). Since 
cosuppression can lead to repression of homologous genes (Stam et al., 2000), 
C-class genes may also have been partly downregulated in the experiments 
performed by Angenent and colleagues in 1995. Some experiments 
demonstrated that the ectopic expression in the whole plant of only one of the 
FBP7 or FBP11 genes, lead to the formation of ectopic ovules on the sepals 
and rarely on the petals (Colombo et al., 1995). Analysis of the formation of 
the ovule on petals, showed that this likely occured independent of the 
formation of carpel tissue.  
Studies on the similarity of the amino acid sequences showed that the gene of 
Arabidopsis thaliana gene orthologous to FBP7 is SEEDSTICK (STK) 
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(Rounsley and Ditta, 1995). The stk mutant doesn’t show loss of ovule 
identity, but the seeds are spaced in an irregular manner due to the excessive 
enlargement of the funiculus, and the detachment of the seed appears to be 
inhibited due to the absence of an adequate formation of the abscission zone 
(Pinyopich et al., 2003). Ectopic expression of STK, cause the conversion of 
sepals into carpelloid structures containing ectopic ovules (Favaro et al., 2003) 
(Figure 4).  
 
 
Figure 4 Flower morphology of CaMV 35S::STK Transgenic Arabidopsis Plants (SEM images) (H) Curled carpeloid 
sepal with ectopic ovules. (I) and (J) Ectopic ovules, with outer (o) and inner (i) integuments and nucellus (n) (Favaro 
et al., 2003). 
 
OsMADS13 is the rice D-class gene ortholog of STK, FBP7, and FBP11, this 
gene will be described in detail in the paragraph related to the AGAMOUS 
subfamily. 
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E class genes 
 
Arabidopsis has four SEP subfamily genes, SEP1, SEP2, SEP3 and SEP4 that 
are largely redundant in their function. The Arabidopsis abc triple mutant and 
the quadruple mutant sep1 spe2 sep3 sep4 display a very similar phenotype, 
showing the conversion of the floral organs into leaves (Ditta et al., 2004). 
SEP subfamily members are only found in angiosperms and can be divided 
into two subclades, namely the AGL2/3/4 or LOFSEP group, and the AGL9 or 
SEP3 group; in Arabidopsis, SEP3 belongs to the homonymous subclade, 
whereas SEP1/2/4 are LOFSEP genes (Zahn et al., 2005; Malcomber and 
Kellogg, 2005). 
Thanks to phylogenetic analysis (Figure 3) it was possible to identify 
OsMADS1, OsMADS5, OsMADS7, OsMADS8 and OsMADS34, as the rice 
putative orthologs of the Arabidopsis thaliana SEPALLATA genes (Kater et 
al., 2006; Arora et al., 2007). OsMADS1 (LEAFY HULL STERILE1 [LHS1] 
has been well characterized, it is involved in determining the identity of 
lemma, palea and meristem of the inner floral organs (Jeon et al., 2000; Prasad 
et al., 2001, 2005; Agrawal et al., 2005; Chen et al., 2006). The lhs1 mutant 
shows the conversion of lemma and palea in structures similar to leaves. 
Recent data have shown that the reduction in the expression of the OsMADS7 
and OsMADS8 genes using a RNAi approach, lead to late flowering, and to 
the transformation of lodicules, stamens and carpel into palea/lemma like 
organs, and to floral indeterminacy (Cui et al., 2010). The quadruple mutant 
osmads1 osmads5 osmads7 osmads8 shows the conversion of all floral organs, 
with the exception of the lemma, into structures similar to leaves (Cui et al., 
2010), similarly to what happen in the sep1 sep2 sep3 sep4 quadruple mutant. 
These data suggest a functional conservation of these genes in specifying 
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floral determinacy and organ identity between Arabidopsis thaliana and rice. 
The gene OsMADS34 is expressed in all the vegetative and reproductive 
tissues. Analyzing the osmads34 mutant, revealed the elongation of the sterile 
glumes and an increased number of primary branches and a decreased number 
of secondary branches (Gao et al., 2010). These results suggest that 
OsMADS34 is involved in controlling rice inflorescence and spikelet 
morphology. 
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MADS Domain-Transcription Factors 
 
MADS-domain transcription factors are involved in many biological 
processes in different organisms. They are able to modulate the transcription 
of their target genes by binding to the DNA as dimers. The acronym MADS 
(Schwarz-sommer et al., 1990) is derived from the initials of 
MINICHROMOSOME MAINTENANCE1 (MCM1, Saccharomyces 
cerevisiae; Passmore et al., 1988), AGAMOUS (Arabidopsis thaliana; 
Yanofsky et al., 1990), DEFICIENS (Antirrhinum majus; Sommer et al., 
1990), and SERUM RESPONSE FACTOR (SRF, Homo sapiens; Norman et 
al., 1988). In eukaryotes MADS genes are divided into two subfamilies: the 
MADS-box type I or SRF-like and type II or MEF2-like (Alvarez-buylla et 
al., 2000), they differ for the position of the second α-helix responsible for the 
dimerization.  
The MADS-box genes of plants have been isolated in different species and 
play important roles in the development of the reproductive organs. In 
particular, they are involved in the embryogenesis, in vegetative growth, in 
the determination of the floral meristem and in the development of the flower, 
ovule, fruit and seed. (Yanofsky et al., 1990; Colombo et al., 1995; Heck et 
al., 1995; Mandel and Yanofsky, 1995; Ferrándiz et al., 2000; Liljegren et al., 
2000; Busi et al., 2003; Favaro et al., 2003; Pinyopich et al., 2003; Krizek and 
Fletcher, 2005; Brambilla et al., 2007; Dreni et al., 2007; Colombo et al., 2008; 
Gregis et al., 2008). 
Studies using several model species, including Arabidopsis, Antirrhinum 
majus, Petunia hybrida, Zea mays, and Oryza sativa, have revealed that many 
of these functions are conserved among angiosperms (Schwarz-Sommer et al., 
2003; Vandenbussche et al., 2003; Kater et al., 2006). 
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The largest part of the plant MADS-box type II family genes are formed by 
the MIKC-type genes. The MIKC proteins have a characteristic modular 
structure with, from the N to the C terminus of the protein, four characteristic 
domains: the MADS-box (M), Intervening (I), Keratin-like (K), and C-
terminal (C) domains. In the AGAMOUS MIKC MADS-domain proteins 
genes involved in flower development, often an additional N-terminal region 
is present (Figure 5). 
 
 
Figure 5 Characteristic domains of a plant MIKC gene. 
 
The MADS-domain consists of approximately 58 amino acids and is able to 
recognize and bind consensus sequences known as CArG-boxes 
[CC(A/T)6GG], some studies demonstrated that MADS domain protein 
complexes often interact with DNA by contacting multiple nearby CArG box 
sequences, separated by less than 300 base pair (Egea-cortines et al., 1999; 
Zhang et al., 2008; Mendes et al., 2013). The MADS-box domain is also 
involved in the dimerization of the MADS-box transcription factors and in the 
nuclear localization of the protein complexes, and it is the most conserved 
region of the protein (Pellegrini et al., 1995; Santelli and Richmond, 2000; 
Hassler and Richmond, 2001). The 'Intervening' domain consists of about 30 
amino acids, but its length is variable and it has not a clear biochemical 
function, but in Arabidopsis it is critical for the specificity in the formation of 
the dimers able to bind the DNA (Krizek and Meyerowitz, 1996; Riechmann 
et al., 1996b; Riechmann and Meyerowitz, 1997). The amino acid sequence 
of the K domain is not particularly conserved in contrast to the secondary 
structure of this domain. It contains several “abcdefg” repetitions, where “aed” 
are hydrophobic amino acids involved in the formation of amphipathic α-
NH2 COOHMADS box I K box C terminal
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helices (Riechmann and Meyerowitz, 1997). Some publications show that the 
K domain is essential for protein-protein interactions between different 
MADS-domain transcription factors (Davies et al., 1996; Fan et al., 1997; 
Egea-cortines et al., 1999; Riechmann et al., 1996a; Zachgo et al., 1995). The 
C-terminal domain is highly variable in sequence and in length and its function 
is fundamental for the proteins. In fact, the overexpression of MADS-domain 
genes without the C-terminal region cause dominant negative phenotypes 
(Mizukami et al., 1996). The C-terminal domain may contain a transcriptional 
activation domain (Cho et al., 1999), or can play important roles for the 
formation of functional multimeric complexes, able to control the 
transcription of the genes modulated by the MADS-domain proteins (Egea-
cortines et al., 1999; Masiero et al., 2002).  
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MADS-box protein interactions 
 
The MADS-domain transcription factors interact forming homo-or hetero-
dimers and these protein-protein interactions are essential for the binding to 
the CArG box consensus sequence (Shore and Sharrocks, 1995). It has been 
shown that B class proteins of Antirrhinum majus, denominated DEFICIENS 
(DEF) and GLOBOSA (GLO), form a ternary complex with the protein 
SQUAMOSA to control the flower architecture (Egea-cortines et al., 1999). 
Other recent work demonstrated that SEP proteins act as molecular bridges 
allowing the combination of different MADS-domain proteins to form higher-
order complexes with different transcriptional regulation activities (Immink et 
al., 2009). Thanks to two-hybrid interaction experiments between proteins in 
yeast, it was possible to achieve a complete map of protein-protein interactions 
between the MADS-domain transcription factors in Arabidopsis thaliana (de 
Folter et al., 2005), but unfortunately this large scale analysis was not carried 
out for rice’s MADS-domain transcription factors (Figure 6). 
 
 
Figure 6 MADS-box protein interactions in yeast two-hybrid screens in Arabidopsis and rice (Kater et al., 2006) 
 
In Arabidopsis thaliana, the AP3-PI dimer interacts with AP1 and SEP3, AG 
interacts with SEP3, which acts as a mediator in the interaction with the dimer 
PI-AP3 (Honma and Goto, 2001). These interactions are the basis of the so-
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called "quartet model", which says that the complexes formed by AP1-AP3-
SEP3-PI and PI-AP3-SEP3-AG, respectively, specify the identity of petals 
and stamens(Honma and Goto, 2001; Theissen and Saedler, 2001). 
The model of interactions between MADS-domain transcription factors is also 
similar for rice, in fact the SEP-like proteins OsMADS8 (also named 
OsMADS45) and OsMADS7 (also named OsMADS24), show an interaction 
profile similar to the SEP proteins in Arabidopsis thaliana. They interact with 
OsMADS18 (similar to AP1), with OsMADS16 (similar to AP3) and with 
OsMADS13 (similar to STK). Recent data have shown that OsMADS8 and 
OsMADS7 are able to interact with STK of Arabidopsis thaliana and FBP7 
of Petunia, demonstrating that the interactions between the SEP and D-class 
proteins are conserved from an evolutionary point of view (Favaro et al., 2002, 
2003). A recent yeast-3-hybrid assay shows that in Arabidopsis, the 
homeodomain transcription factor involved in the formation of integuments 
BEL1 (Reiser et al., 1995), interacts with the ovule identity MADS-domain 
factors when they dimerize with SEPALLATA proteins. Therefore in the 
quadruple mutant bel1 stk shp1 shp2 the integument is transformed into a 
carpelloid leaf-like structure and development of the female gametophyte 
arrests before meiosis (Brambilla et al., 2007). Concluding, SEP proteins are 
important for the formation of ternary complexes and it has been shown that 
the SEP3 protein is able to activate transcription in yeast and in plant cells 
(Honma and Goto, 2001) and therefore SEP proteins are probably not only 
important for higher order MADS-domain protein complex formation but also 
to provide transcriptional activation activity to these complexes. 
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The AGAMOUS subfamily and the development of 
reproductive organs  
 
The C- and D-class genes, wich are involved in reproductive organ identity 
determination, fruit, and seed development, belong to the same MADS-box 
phylogenetic group, which has been named the AGAMOUS subfamily (Becker 
and Theissen, 2003; Kramer and Jaramillo, 2004; Zahn et al. 2006). 
An ancient gene duplication event, that predated the diversification of extant 
flowering plants, generated two lineages within the AGAMOUS subfamily, 
which are conserved in all angiosperms, the AGAMOUS lineage and the 
AGL11 lineage. Subsequently, in core eudicots, the AGAMOUS lineage was 
further divided into PLE lineage and euAG lineage (Kramer and Jaramillo, 
2004; Zahn et al.). 
In general, it was show that the C function is conserved among AGAMOUS 
lineage genes. A single AGAMOUS lineage gene can play all the aspects of 
the C function, like the Arabidopsis AG gene; (Yanofsky et al., 1990) or 
multiple AGAMOUS lineage paralogs can show different degrees of 
redundancy/subfunctionalization, like in petunia (Heijmans et al., 2012). In 
the AGAMOUS lineage of Arabidopsis thaliana, besides AGAMOUS, there are 
two other members of this lineage named SHATTERPROOF1 (SHP1) and 
SHP2 (Liljegren et al., 2000). Despite AG that belong to the euAG lineage, the 
genes SHP1 and SHP2, belong to the PLE lineage and not directly contribute 
to the C function. Therefore SHP1 and SHP2 are important for dehiscence 
zone formation in the siliques and thereby for pod shattering.  
In Arabidopsis the fourth member of the AGAMOUS subfamily, and the only 
member of the AGL11 lineage, is STK. As said before, it is involved in 
regulating seed detachment, seed coat development and embryosac cell 
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identity (Pinyopich et al., 2003; Mizzotti et al., 2012; Matias-Hernandez et al., 
2010). STK is specifically expressed in the ovule (Rounsley and Ditta, 1995; 
Pinyopich et al., 2003) like others AGL11 lineage genes found in other core 
eudicots (Kramer and Jaramillo, 2004). 
It was published that the genes belonging to the AGL11 lineage genes share 
redundancy with the ones belonging to the AGAMOUS lineage in specifying 
ovule identity (Pinyopich et al., 2003; Heijmans et al., 2012). The analysis of 
the triple mutant stk shp1 shp2, showed that ovule integuments were converted 
into carpelloid leaves (Pinyopich et al., 2003; Brambilla et al., 2007). The ag 
mutants completely lacks stamens and carpels, but the ap2 ag double mutant 
develops carpeloid sepals with ectopic ovules (Bowman et al., 1991). This 
indicates that there are alternative pathways or other genes that can promote 
the development of carpels and ovules without AG. The quadruple mutant ap2 
ag shp1 shp2 however, lacks ovule and carpels (Pinyopich et al., 2003); which 
shows that SHP1 and SHP2 are responsible for the formation of carpels and 
ovules in the ap2 ag double mutant. It’s possible to complement the ag mutant 
phenotype, transforming Arabidopsis with a 35S::SHP2 (Pinyopich et al., 
2003). These experiments show that SHP1 and SHP2 are partially redundant 
with AG and the explanation for their different activities is that their function 
in plant development is highly dependent on the difference in expression 
pattern. In wild-type plants SHP1/SHP2 are already expressed in the ovule 
before fertilization and then in the dehiscence zone of the fruit, whereas STK 
is specifically expressed in the ovule and in the funiculus. Airoldi and Davies 
in 2012 concluded that AG is the only C function factor of Arabidopsis, 
whereas SHP proteins fully maintain a similar potential activity but they are 
not physically present in the meristem and primordia cells at the appropriate 
time. Their functions are rather restricted to regulate specific tissue types after 
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carpel identity has been established (Airoldi and Davies, 2012). It is possible 
to conclude that AGAMOUS lineage genes can regulate C, D, or both these 
functions, whereas AGL11 lineage genes are normally specialized in the D 
function. In addition to A. thaliana, AGAMOUS subfamily members have 
been functionally characterized in several other species.  
In monocots it is possible to find data for C and D function genes only for rice 
and maize, where it was possible to generate loss of function mutants. In the 
Poaceae (grass family) both AGAMOUS and AGL11 lineages are further 
duplicated within this family (Kramer and Jaramillo, 2004; Zahn et al.; Dreni 
et al., 2007) (Figure 8). 
The AGAMOUS subfamily of Oryza sativa L. is composed of four genes, 
namely OsMADS3, OsMADS58, OsMADS13 and OsMADS21. OsMADS3 and 
OsMADS58 belong to the AGAMOUS lineage and play roles similar to 
AGAMOUS, but their functions in meristem determinacy and floral organs 
identity are differently distributed between them and their predominant action 
is also carried out in different whorls (Kang et al., 1998; Yamaguchi et al., 
2006). The knock-out mutant osmads3-2 shows the partial conversion of 
stamens into lodicules, but the defects in whorl 4 were very weak, and an 
increase in carpel number was observed in only a few flowers (Yamaguchi et 
al., 2006). Whereas in the severe loss-of-function allele osmads3-3, almost all 
stamens in whorl 3 were homeotically transformed into lodicule-like organs. 
Some stamens were completely transformed into lodicules that were 
indistinguishable from those in the second whorl. 
From studies conducted on the osmads3-4 intermediate mutant, it was shown 
that OsMADS3 also plays a pivotal role in late anther development at least in 
part by regulating ROS (Reactive Oxygen Species) homeostasis. It was 
observed that OsMADS3 is able to directly bind the promoter of MT-1-4b, a 
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gene that encodes a metallothionein involved in ROS-scavenging (Hu et al., 
2011). 
The osmads58 RNAi mutant has indeterminate flowers and a reiteration of the 
floral organs including stamens and carpelloid structures were observed. So it 
seems that OsMADS3 plays a predominant role in determining stamen 
identity, while OsMADS58 in the determination of carpel identity and floral 
meristem determinacy (Yamaguchi et al., 2006). The suppression of 
OsMADS58 using an RNAi approach in the osmads3-2 (a weak mutant allele 
of OsMADS3) mutant background, doesn’t lead to the homeotic conversion of 
carpels into palea/lemma as predicted by the ABCDE model. On the other 
hand, the homeotic mutation of carpels into stamens and failure of midrib 
formation in leaves was observed when the gene DROOPING LEAF (DL) was 
mutated (Nagasawa et al., 2003; Yamaguchi et al., 2004). From the analysis 
of the flower of the dl mutant and the data obtained from the silencing of 
OsMADS58 by RNAi in a osmads3-2 weak allele mutant background, 
Yamaguchi et al., 2006 proposed that, in rice, the AGAMOUS orthologs 
OsMADS3 and OsMADS58 do not regulate carpel identity. They proposed that 
DL, the ortholog of the Arabidopsis CRABS CLAW (CRC), is involved in 
regulating carpel identity in rice (Yamaguchi et al., 2004). Moreover, 
DL/CRC interacts antagonistically with class B genes repressing them in the 
fourth whorl (Alvarez and Smyth, 1999; Yamaguchi et al., 2004), suggesting 
that DL and CRC play a conserved and diversiﬁed role in controlling carpel 
identity in rice and Arabidopsis. Recently, Li and coworkers (2011a) observed 
genetic interactions between DROOPING LEAF and the AGAMOUS 
subfamily genes OsMADS3 and OsMADS13. Their results show that the loss 
of FM determinacy is increased in the osmads3 dl double mutant and that DL 
and OsMADS13 may function in the same pathway specifying the identity of 
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carpel/ovule and floral meristem. DL may act upstream of OsMADS13, 
positively regulating OsMADS13 expression, while OsMADS13 may repress 
the ectopic expression of DL in the ovule(Li et al., 2011). 
The genes OsMADS13 and OsMADS21, belonging to the AGL11 lineage, are 
the other two members of the rice AGAMOUS subfamily. Their expression is 
quite different; in fact OsMADS13 is ovule-specific, whereas OsMADS21 is 
also expressed in anthers, carpel and stigmas (Lopez-Dee et al., 1999; Dreni 
et al., 2007). The osmads13 knock-out mutant (Figure 7 F-G-H-I-J) is female 
sterile and ovules are converted into carpelloid structures. We can also observe 
the formation of carpels inside carpels phenotype, suggesting that OsMADS13 
plays an important role in floral meristem determinacy (Dreni et al., 2007; 
Arora et al., 2007). The knock-out mutant osmads21 is fully fertile and 
indistinguishable from wild-type plants, in the double mutant osmads13 
osmads21, the loss of functionality of the gene OsMADS21 does not cause an 
increase of the osmads13 phenotype. The amino acid sequence of the protein 
encoded by the gene OsMADS21 is very similar to that of OsMADS13, but 
despite this, the gene OsMADS21 seem not to be involved in ovule 
development (Dreni et al., 2007) but it plays a role during seed development 
(Dreni personal communication). So it seems that OsMADS13 and 
OsMADS21 are not redundant in their function, and that the only gene 
responsible for the ovule formation in rice is OsMADS13. 
The rice AGAMOUS subfamily was recently expanded with a new member 
named OsMADS66 (Arora et al., 2007), which is closely linked to the 
OsMADS58 locus and seems to represents a tandem gene duplication event. 
Therefore, OsMADS66 is most likely a non-functional pseudogene in the 
Oryza sativa subspecies, whereas its status in most of the other Oryza species 
has yet to be determined.  
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Figure 7 Analysis of the osmads13 mutant phenotype. (a) Wild-type carpel at about 1 day before flowering. (b) Wild-
type kernel at 6 days after pollination. (c–e) Histologic analysis of wild-type developing carpels. (f) osmads13 carpel 
with extra stigmas protruding from the carpel. (g) osmads13 carpel at later stages (after flowering) in which the 
indeterminate formation of carpels can be observed (indicated with an arrowhead). (h, i) histologic analysis of 
osmads13 pistils in which the ovule is homeotically converted into a carpel (indicated with arrowheads). (j) Histologic 
analysis of osmads13 (k–r) DL expression in wild-type and osmads13 mutant flowers at different stages of 
development: (k–n) wild-type flowers, (o–r) mutant flowers. White and black scale bars represent 1 mm and 100 μm, 
respectively (Dreni et al., 2007). 
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Figure 8 Phylogenetic tree of AGAMOUS subfamily proteins. The dichotomy between AGAMOUS and AGL11 
lineages is marked with a black stars(Dreni et al., 2007). 
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PART III 
 
Study the molecular network involved in ovule 
development 
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Introduction 
 
During the floral transition of Arabidopsis thaliana, the shoot apical meristem 
(SAM) is converted into an Inflorescence Meristem (IM) that subsequently 
generates floral meristems (FMs). The FM is composed of a population of 
indeterminate cells that will give origin to all floral organs. As proposed by 
the ABCDE model (Bowman et al., 2012), floral organ identity in Arabidopsis 
thaliana is specified by the combined action of different classes of homeotic 
genes mainly encoding MADS-domain transcription factors. These 
transcription factors are able to bind as homo- or hetero-dimers (Pellegrini et 
al., 1995; Shore and Sharrocks, 1995; Riechmann et al., 1996; de Folter et al., 
2005) to DNA consensus sequences known as CArG-boxes [CC(A/T)6GG] 
(Egea-cortines et al., 1999; Nurrish and Treisman, 1995; Mendes et al., 2013) 
modulating the transcription of their target genes. In Arabidopsis, the 
formation of sexual reproductive organs is orchestrated by the interaction of 
B- and C class genes for the specification of stamen, C-class genes alone for 
carpel identity determination, and class D- gene for ovule identity 
specification. AGAMOUS (AG) is the C-class gene of Arabidopsis, therefore 
in the ag mutant it is possible to observe the conversion of stamens into petals, 
and a new ag flower develops instead of the carpel. Moreover flowers are 
formed by a succession of sepals-petals-petals and are completely sterile 
(Bowman et al., 1991; Drews et al., 1991). AG also plays an important role in 
floral meristem determination, as can be noted by the repetition of the floral 
whorls present in the mutant. 
The MADS domain transcription factor SEEDSTICK (STK) of Arabidopsis, 
is considered to be a D-class ovule identity gene, and is specifically expressed 
in ovules. However, its loss of function affects only the development of 
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funiculus, an umbilical-cord-like structure that connects the ovule to the 
placenta. Ten years ago, Pinyopich and colleagues discovered that STK is 
involved in determining ovule identity redundantly with SHP1 SHP2 and AG. 
Furthermore, genetic and protein interaction studies have shown that these 
ovule identity factors interact with SEPALLATA (SEP) MADS domain 
transcription factors and that these interactions are essential for their function 
in ovule development (Favaro et al., 2003). Recent data have shown that 
VERDANDI (VDD), a gene belonging to the REPRODUCTIVE MERISTEM 
family (Romanel et al., 2009), is a direct target of STK (Matias-Hernandez et 
al., 2010). VDD is involved in the regulation of the formation of antipodal and 
synergid cells, and its loss of function results in semi-sterility.  
In situ hybridization studies have shown that the expression of VDD is 
redundantly modulated by the ovule identity factors STK, SHP1, and SHP2, 
since the expression of VDD is strictly dependent on the activity of the three 
MADS domain ovule identity factors (Matias-Hernandez et al., 2010). Only 
in the triple mutant stk shp1 shp2 it is not possible to detect VDD expression 
during ovule development (Matias-Hernandez et al., 2010). 
OsMADS3 and OsMADS58, are the rice orthologs of AGAMOUS. In Chapter 
II we have shown that they are the C-class genes of rice, involved in stamen 
and carpel identity and floral meristem determination. (Dreni et al., 2011). 
OsMADS13 is the rice D-class gene orthologous to STK (Dreni et al., 2007). 
In the osmads13 mutant ovules are homeotically converted into carpelloid 
structures, similarly to what happens in the Arabidopsis stk shp1 shp2 triple 
mutant.  
In the last few years, the transcriptional networks controlling the development 
of the female gametophyte have been studied in Arabidopsis thaliana. In 
particular, the transcriptomes of individual cell types in the mature embryo 
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sac was recently published, and large-scale transcriptome analysis was done 
to find the genes involved in the development of the female gametophyte 
(Wuest et al., 2010; Ohnishi et al., 2011; Schmid et al., 2012; Sánchez-León 
et al., 2012). On the other hand, in rice the genome-wide expression profiling 
of mature ovules from the megaspore mother cell at pre-meiotic stage to the 
mature embryo sac has been recently investigated by using Laser 
Microdissection (LMD) followed by microarrays analysis (Kubo et al., 2013). 
Despite the data obtained by Kubo and colleagues, little is known in rice 
regarding the regulatory pathways controlling very early stages of ovule 
development, specifically in cells of the FMs that give origin to ovules. In this 
Chapter we show the strategies that we used to try to get insight into the 
molecular network underlying FM determinacy and Ovule Primordia (OP) 
formation in rice. We also discuss the putative roles of genes already described 
in literature and novel genes that are putatively involved in the correct 
formation of the ovule. 
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Identification of genes that are differentially expressed in 
osmads13 mutant as compared to wild-type using an RNA 
sequencing approach. 
 
If we look at the rice inflorescences, it is possible to observe a basipetal 
gradient for panicle development, where we can find late stage of floral organ 
formation (Ovule Primordia, OP) at the top of the inflorescence, and early 
stage (Floral Meristems, FM) at the bottom of the inflorescence (Itoh et al., 
2005). Due to the inaccessibility, low abundance and small size of cells of FM 
and OP, we decided to start the work doing an exome-sequencing of whole 
inflorescences at very early stages of development in order to identify genes 
that are mis-regulated in the osmads13 female sterile mutant. Young 
inflorescences 16 days after floral induction (LD-SD shift), with a length 
between 0,5cm and 0,8cm from osmads13 mutant and wild-type plants were 
collected (Figure 9). We selected this stage because there are no visible 
phenotypic alterations between wild-type and osmads13 inflorescences. 
Panicles longer than 0,8 cm were discarded because in later stages the 
integument primordium differentiates into inner and outer integuments in 
wild-type flowers, whereas, ectopic carpels form instead of the mature ovule 
in osmads13 mutant flowers, giving rise to a carpel-in-a-carpel structure. 
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Figure 9 (A) In rice inflorescence is possible to observe a basipetal gradient for panicle development where we can 
find late stage of floral organ formation (Ovule Primordia, OP) at the top of the inflorescence, and early stage (Floral 
Meristems, FM) at the bottom of the inflorescence. (B) OsMADS13 expression was evaluated by in-situ hybridization 
in different stages of flower development (C). An example of inflorescences with a length between 0,5cm and 0,8cm 
that we collected from osmads13 mutant and wild-type for RNA-seq experiment. (a) anther, (c) carpel, (fm) floral 
meristem, (o) ovule, (op) ovule primordia, (sp) stamen primordia. 
 
Material collected from wild-type and osmads13 mutant inflorescence’s was 
pooled and three biological replicates were used by IGA sequencing in Udine. 
Poly(A) libraries were made from total RNA, and were sequenced using the 
‘Illumina’ technology.  
The obtained datasets were analyzed using the DE-seq e BTC Suite software, 
aligning the reads to the reference genome (Oryza sativa, sub. Japonica, cv 
Nipponbare [MSU 7.0 release]). Gene expression was quantified by 
normalizing for total read length and the number of sequencing reads, 
evaluating the RPKM (Reads Per Kilobase per Million mapped reads) for each 
gene. 
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From this analysis, 811 genes were found to be differentially expressed in the 
osmads13 mutant background as compared to wild type, from which 475 
genes displayed a “False Discovery Rate” (FDR) cut-off value lower than 
0.05.  
Analyzing the dataset of 475 genes using a simplified tool for Gene Ontology 
analysis called GO-slims, we found 379 genes with an annotated function, 85 
genes that encode for proteins with an unknown function and 11 genes related 
to transposable element (Figure 10). It is also possible to divide these genes in 
functional categories as follows: Nucleic Acid Binding, Protein Binding, 
Hormonal Pathways, Signal Transduction Pathways, Metabolism, and 
Structural Components.  
 
 
Figure 10 Output of Gene Ontology results obtained using the GO-slims software. 
 
A Gene Ontology (GO) analysis for molecular function was also performed 
on the 379 mis-regulated genes with an annotated function, by using the 
80%
18%
2%
protein coding genes expressed genes, unknown function transposons, retrotransposons
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AgriGO tool. Interestingly, we found that the dataset was enriched for the 
Nucleic Acid Binding category and in particular for transcription regulatory 
activity genes (TFs) (Figure 11). 
 
 
 
 Non TE genes TFs genes % 
RNA-seq 380 81 21% 
Rice Genome 39045* 2384** 6,10% 
 
Figure 11 Gene Ontology (GO) enrichment analysis for molecular function using the software AgriGO. An 
enrichment for transcription regulatory activity genes and in particular for transcription factors (TFs) was found (* 
Taken from Rice Genome Annotation Project - RGAP; taken from Database of Rice Transcription Factors - DRTF). 
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Further analyses have shown that in the osmads13 mutant, 68% of genes 
encoding for TFs were up-regulated (Figure 12), which indicates that 
OsMADS13 can be a master regulator for the repression of several TFs. 
 
 
Figure 12 We found from RNA-seq results that the 68% of genes encoding for transcription factors are up-regulated 
in the osmads13 mutant. 
 
Up-regulated TFs
68%
Down-regulated TFs
32%
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Selection of a subset of Deregulated Expressed genes (DEGs) 
 
Since we are interested in transcription factors involved in flower 
development and since transcription factor encoding genes are most enriched 
in our dataset, we made the first selection based on TFs molecular function; 
in particular we selected genes classified in the “Nucleic Acid Binding” 
category. Subsequently, to focus attention on putative direct targets of 
OsMADS13, a second selection based on the CArG-box consensus sequences 
found in the regulatory regions of selected genes was done. For this purpose, 
we used a free online tool called “Match”, based on a free library of the 
TRANS-FAC software, able to find the CArG-box consensus motif in the 
regulatory regions of selected genes. For the analysis we improved the 
software search according to the CArG-boxes of the VERDANDI promoter 
recognized and bound by SEEDSTICK (Hernandez et al., 2010; Mendes et al., 
2013).  
Finally, to select genes that are mainly expressed during reproductive stages, 
their in-silico expression pattern was predicted using the online software 
RiceXPro (http://ricexpro.dna.affrc.go.jp) and we also looked for the role of 
putative Arabidopsis orthologs. 
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Validation of RNA-Seq results and expression analysis in the 
ovary by large-scale RT-qPCR 
 
From RNA-seq experiment we obtained a list of mis-expressed genes in the 
osmads13 mutant. Based on the criteria explained in the previous chapter, we 
selected 45 interesting genes (Table 1) to be validated using the Microfluidic 
Dynamic Array (Fluidigm Corporation), a new technology for high-
throughput qPCR (Spurgeon et al., 2008). For this purpose, we designed and 
tested primers that were specific for genes of interest (Table in Material and 
Methods). Furthermore, we tried to go deeper in the analysis confirming 
alterations in expression levels of selected genes in the OsMADS13 expression 
domain. For this reason, we fixed and embedded inflorescences at the same 
developmental stage as used for RNA-seq analysis, because in these stages 
it’s possible to collect material from FM and OP. 
Subsequently, using Laser Microdissection (LMD), cells of the floral 
meristem and ovule primordia were collected from wild-type and mutant 
flowers (Figure 13). 
 
Locus ID MSU Rice Genome Annotation Project 
Os06g11170 formin-binding protein-related, putative, expressed 
Os01g10504 OsMADS3 - MADS-box family gene with MIKCc type-box, expressed 
Os09g32948 OsMADS8 - MADS-box family gene with MIKCc type-box, expressed 
Os12g10540 OsMADS13 - MADS-box family gene with MIKCc type-box, expressed 
Os05g11414 OsMADS58 - MADS-box family gene with MIKCc type-box, expressed 
Os03g11600 YABBY domain containing protein, putative, expressed 
Os03g15270 gibberellin receptor GID1L2, putative, expressed 
Os02g42990 OsSAUR11 - Auxin-responsive SAUR gene family member, expressed 
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Os04g51890 OsSAUR20 - Auxin-responsive SAUR gene family member, expressed 
Os07g29310 OsSAUR30 - Auxin-responsive SAUR gene family member, expressed 
Os03g58600 PAZ domain containing protein, putative, expressed 
Os09g36700 ribonuclease T2 family domain containing protein, expressed 
Os05g13630 RNA recognition motif containing protein, putative, expressed 
Os07g01530 expressed protein 
Os04g58810 CAF1 family ribonuclease containing protein, putative, expressed 
Os03g57240 ZOS3-19 - C2H2 zinc finger protein, expressed 
Os04g35500 ZF-HD protein dimerisation region containing protein, expressed 
Os08g34010 ZF-HD protein dimerisation region containing protein, expressed 
Os02g13310 homeobox domain containing protein, expressed 
Os06g45140 bZIP transcription factor domain containing protein, expressed 
Os09g36910 bZIP transcription factor domain containing protein, expressed 
Os01g49830 B3 DNA binding domain containing protein, expressed 
Os03g09170 ethylene-responsive transcription factor, putative, expressed 
Os09g35010 dehydration-responsive element-binding protein, putative, expressed 
Os04g52090 AP2 domain containing protein, expressed 
Os05g41760 AP2 domain containing protein, expressed 
Os11g07460 TCP family transcription factor, putative, expressed 
Os01g11550 TCP family transcription factor, putative, expressed 
Os01g50940 helix-loop-helix DNA-binding domain containing protein, expressed 
Os08g37290 basic helix-loop-helix, putative, expressed 
Os07g39220 BES1/BZR1 homolog protein, putative, expressed 
Os04g43680 MYB family transcription factor, putative, expressed 
Os01g32770 DUF260 domain containing protein, putative, expressed 
Os07g12340 NAC domain-containing protein 67, putative, expressed 
Os04g51000 transcription factor FL, putative, expressed 
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Os08g39890 OsSPL14 - SBP-box gene family member, expressed 
Os03g53340 HSF-type DNA-binding domain containing protein, expressed 
Os09g35790 HSF-type DNA-binding domain containing protein, expressed 
Os03g04240 glutathione S-transferase, putative, expressed 
Os03g04220 glutathione S-transferase, putative, expressed 
Os11g02240 
CAMK_KIN1/SNF1/Nim1_like.4 - CAMK includes calcium/calmodulin 
depedent protein kinases, expressed 
Os03g12730 receptor protein kinase CLAVATA1 precursor, putative, expressed 
Os01g08860 hsp20/alpha crystallin family protein, putative, expressed 
Os02g02410 DnaK family protein, putative, expressed 
 
Table 1 Interesting genes selected from RNA-seq analysis output. 
 
 
 
Figure 13 An example of cut of the rice Ovule Primordia (OP) done by Laser Microdissection. Images of flower (A) 
before cut and (B) after cut. 
 
RNA was extracted using the kit Pico Pure (NuGen) that is used for extracting 
low amounts of RNA, and the quality (RIN value) was assessed using the 
Agilent Bioanalyzer (see material and methods). The quality of the extracted 
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RNA was very low (RIN about 1.6), and for reliable RT-qPCR analyses, a 
RIN value between 6.0 and 7.0 is needed (Schroeder et al., 2006; Takahashi 
et al., 2010).  
 
 
Figure 14 RIN of the RNA purified from tissue obtained by Laser Microdissection. 
 
Therefore, the Laser Microdissection protocol was improved in order to obtain 
a good RNA quality for downstream applications. In particular, the fixation 
was done using 100% acetone (Takahashi et al., 2010), instead of 75% (v/v) 
ethanol and 25% (v/v) acetic acid (Yu et al., 2007). The dehydration and 
eosine-staining steps were skipped and the embedding time was considerably 
reduced from 48h to 24h.  
With the modified protocol, we improved the RIN (RNA integrity Number) 
of Laser Microdissected samples from approximately 1,6 to 7,0 (Figure 14). 
To get a sufficient amount of RNA for down-stream application, 80-100 cuts 
by Laser Microdissection were performed and pooled together. RNA was 
FM wild-type FM osmads13 mutant 
OP osmads13 mutant OP wild-type 
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extracted and quality (RIN) (Table 2) and quantity were evaluated. As 
expected, the amount of the RNA extracted from LMD material was to low as 
input for high-throughput RT-qPCR, so we amplified it using the kit 
OvationPicoSL WTAv2, based on retrotranscription and linear-amplification 
(for more details see materials and methods), that allow us to obtain several 
micrograms of cDNA from picograms of total RNA extracted from samples.  
 
Sample RIN 
Floral Meristem wild-type 7,7 
Floral Meristem wild-type 7,7 
Floral Meristem wild-type 7,7 
Floral Meristem osmads13 mutant 7,4 
Floral Meristem osmads13 mutant 7,4 
Floral Meristem osmads13 mutant 7,4 
Ovule Primordia wild-type 7,2 
Ovule Primordia wild-type 7,2 
Ovule Primordia wild-type 7,2 
Ovule Primordia osmads13 mutant 7,1 
Ovule Primordia osmads13 mutant 7,1 
Ovule Primordia osmads13 mutant 7,1 
 
Table 2 Rna quality of Laser Microdissected material. 
 
The data-output coming from this experiment were normalized using OsEF1 
gene as reference, and summarized in a “heat map” (Figure 15) that show the 
different expression level of selected genes in osmads13 mutant and wild type 
ovule. In this experiment we also confirmed the data obtained from RNA 
sequencing experiment.  
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Figure 15 “Heat map” obtained from the analysis of the data obtained from the Microfluidic Dynamic Array 
(Fluidigm Corporation) experiment. The expression was normalized using OsEF1 gene as reference (indicated in the 
green square).  
 
Molecular control of reproductive organ development in rice (Oryza Sativa L.) 
78 
 
PCF5 is a putative target of OsMADS13 
 
Members of the TCP family of plant-specific transcription factors regulate 
plant architecture through control of cell proliferation and differentiation, 
originated in the Streptophyta about 650–800 million years ago (MYA) 
(Navaud et al., 2007). The TCP acronym derives from the first members 
discovered in this family: teosinte-branched 1 (tb1) from Zea mays (Doebley 
et al., 1997), CYCLOIDEA (CYC) from Antirrhinum majus (Luo et al., 1996) 
and PROLIFERATION CELL FACTOR 1 and 2 (PCF1 and PCF2) from 
Oryza sativa (Kosugi and Ohashi, 2002). The genes that belong to this family, 
encode proteins sharing the so called TCP domain, a 59-amino acid basic 
helix–loop–helix (bHLH) motif that allows DNA binding and protein–protein 
interaction (Kosugi and Ohashil, 1997; Cubas et al., 1999).  
If we look at the function of these genes, we found that tb1 of maize controls 
developmental switches that contributed to the evolution from its wild 
ancestor teosinte (Doebley et al., 1995, 1997). Maize, differently from teosinte 
that is highly branched, has one dominant axis of growth (Hubbard et al., 
2002). The maize tb1 mutants resemble teosinte in their overall architecture, 
due to the presence of secondary and tertiary axillary branching, as well as to 
an increase in the length of each node, rather than to an increase in the number 
of nodes (Hubbard et al., 2002).  
On the other hand, the gene CYCLOIDEA (CYC) (Cubas et al., 1999) of 
Antirrhinum majus, redundantly with DICHOTOMA (DICH), is involved in 
the establishment of the dorsoventral asymmetry of the ﬂower, reducing cell 
proliferation at the dorsal region of young ﬂoral meristems (Clark et al., 2002).  
Recently, PCF1 and PCF2 have been isolated in Oryza Sativa as DNA-
binding proteins that specifically interact with site IIa and site IIb, which are 
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conserved sequences located in the promoter of the Proliferating Cell Nuclear 
Antigen (PCNA). These specific sequences are necessary for the meristematic 
tissue-specific expression of the rice PCNA, which encodes a protein involved 
in DNA replication and repair, maintenance of chromatin structure, 
chromosome segregation and cell-cycle progression (Kosugi and Ohashil, 
1997; Kosugi et al., 1995). Phylogenetic analyses based on amino acid 
sequence similarity of the TCP domain showed that the TCP family can be 
divided in two major clades with slightly different TCP domains: Class I 
(Kosugi and Ohashi, 2002) also known as PCF class (Cubas, 2002), or TCP-
P class, and Class II also known as TCP-C class (Navaud et al., 2007). 
Most class I genes are involved in promoting plant growth and proliferation, 
despite the single mutants that have been analysed have mild or no phenotypic 
defects, probably as a result of genetic redundancy (Li et al., 2005; Hervé et 
al., 2009; Tatematsu et al., 2008; Sasazawa et al., 2006). Whereas in 
Arabidopsis, ectopic expression of AtTCP20 fused to the EAR repressor 
domain (which probably inactivates several class I genes) leads to severe 
phenotypes, suggesting complex but as yet unclear roles in the regulation of 
cell division, expansion and differentiation (Hervé et al., 2009). By contrast, 
the proposed role of class II genes in preventing growth and proliferation is 
based directly on phenotypes observed in single and multiple mutants. 
Interestingly, analyzing the results obtained from RNA sequencing on whole 
inflorescences we found the deregulation of the PCF5 gene in the sample. 
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Figure 16 Expression profile of the TCP trascription factor PCF5 in tissues and organs. In silico data predicted using 
the online software RiceXPro (http://ricexpro.dna.affrc.go.jp). 
 
This gene belongs to the Class II of TCP transcription factor family of rice 
and is differentially expressed in the osmads13 mutant (fold change osmads13 
mutant / wild type = 1,380) (Table 3). We also confirmed its deregulation by 
RT-qPCR analysis on Ovule Primordia (OP) Laser Microdissected material, 
with a fold change osmads13 mutant / wild type of 1,60, and Floral Meristem 
(FM) with a fold change osmads13 mutant / wild type of 1,93 (Figure 17). 
  
Vegetative stages Reproductive stages Fruit development
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PCF5 RPKM wild-type RPKM osmads13 mutant mutant/wild-type RPKM 
20,857 28,792 1,38 
 
Table 3 RPKM of PCF5 from RNA-seq data analysis. 
 
 
Figure 17 qRT-PCR expression of PCF5 in wild-type and osmads13 mutant ovule primordia and floral meristem. 
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OsMADS8 is a putative target of OsMADS13 
 
The SEPALLATA-like MADS-box genes grouped in the E-class (Theissen and 
Saedler, 2001) are involved in the determination of sepals, petals, stamens and 
carpels, and play also roles in floral meristem determinacy. The Arabidopsis 
thaliana genome encodes four SEPALLATA genes, called SEP1, SEP2, SEP3 
and SEP4. On the other hand, in rice five SEP-like genes are present, named 
OsMADS1, OsMADS5, OsMADS7, OsMADS8 and OsMADS34 (Arora et al., 
2007). Interestingly, the multiple knockdown mutants of the rice genes 
OsMADS1, OsMADS5, OsMADS7 and OsMADS8, shows the homeotic 
transformation of all floral organs except the lemma into leaf-like organs (Cui 
et al., 2010) and this phenotype resemble that of the sep1 sep2 sep3 sep4 
quadruple mutant of Arabidopsis thaliana (Ditta et al., 2004; Honma and 
Goto, 2001; Pelaz et al., 2000). It was recently shown that SEP3 is more 
important for the class E gene function than any of the other three SEP genes 
in Arabidopsis (Melzer et al., 2009). OsMADS7 and OsMADS8 are classified 
in the SEP3-clade (Kang et al., 1997; Zahn et al., 2005) and are very similar 
in terms of phylogenetic relationship and expression patterns (Münster et al., 
2002; Becker and Theissen, 2003; Malcomber and Kellogg, 2004, 2005; Nam 
et al., 2004; Prasad et al., 2005). In situ hybridization showed that during 
flower development OsMADS8 and OsMADS7 were expressed in the part of 
the floral meristem where the lodicule and stamen primordia originate. At later 
stages, the transcripts of OsMADS8 and OsMADS7 were localized in the 
developing lodicules, stamens and pistils. In the mature florets, the transcripts 
of both OsMADS8 and OsMADS7 were confined to the reproductive organs 
(i.e. the stamens and ovary). In conclusion, looking at the expression of these 
genes, we can observe that they are overlapping during spikelet development 
Molecular control of reproductive organ development in rice (Oryza Sativa L.) 
83 
 
but their spatial distributions appeared to be slightly different during the early 
development of floral meristems.  
 
 
Figure 18 Phylogenetic tree of SEPALLATA proteins of rice and Arabidopsis thaliana (Kater et al., 2006). 
 
The expression patterns of OsMADS8 and OsMADS7 are quite similar to those 
of the Arabidopsis SEP1, SEP2, and SEP3 genes, suggesting that OsMADS8 
and OsMADS7 might play a corresponding role in rice. The silencing of both 
genes using an RNA interference approach, leads to a variable range of 
aberrant carpels phenotypes. In plants with the strongest phenotypes, the 
carpels were completely unfused and the floral meristem determinacy was 
lost, leading to the formation of additional reproductive organ-like structures 
inside the carpels. Protein-protein interactions studies using two-hybrid 
approach, shows that OsMADS7 and OsMADS8 proteins are able to 
physically interact with class A, class B and class C floral organ identity 
proteins (Moon et al., 1999a, 1999b; Lim et al., 2000), but more interestingly, 
they are able to interact with OsMADS13 (class D) (Dreni et al., 2007), the 
ovule identity gene of rice.  
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From RNA sequencing analysis on whole inflorescences, we found that 
OsMADS8 is down-regulated in osmads13 mutant inflorescences (fold change 
osmads13 mutant / wild-type =0,744) (Table 4), but this was not statistically 
significant (FDR: 0.15). On the contrary, an up-regulation of OsMADS8 was 
found in the osmads13 mutant Ovule Primordia (OP) (fold change osmads13 
mutant / wild-type = 1,61), and Floral Meristem (FM) (fold change osmads13 
mutant / wild-type = 1,38, not statistically significant) (Figure 19), using the 
material obtained with the Laser Microdissection approach. 
 
OsMADS8 RPKM wild-type RPKM osmads13 mutant mutant/wild-type RPKM 
57,119 42,474 0,744 
 
Table 4 RPKM of OsMADS8 from RNA-seq data analysis. 
 
 
 
Figure 19 qRT-PCR expression of OsMADS8 in wild-type and osmads13 mutant ovule primordia and floral meristem. 
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Chip-seq technology 
 
A widely used technology to detect the direct binding of a transcription factor 
(TF) to DNA and modifications of histone proteins, is the Chromatin 
Immunoprecipitation (ChIP) experiment. Combining ChIP with massively 
parallel DNA sequencing allows the identification of the genome-wide 
binding sites of a transcription factor (ChIP-seq). Interestingly, ChIP-seq is 
one of the first techniques that used the Next Generation Sequencing (NGS) 
technologies; in fact, the first related work was published in 2007 (Robertson 
et al., 2007). Differently from ChIP-chip, in ChIP-seq experiments the DNA 
fragments were directly sequenced instead of hybridized to a microarray. To 
obtain reliable data from this kind of experiment it is necessary to use a highly 
specific antibody, that needs to be validated for interacting with the bound 
protein or specific modifications of proteins. In the last few years, this 
technology was applied in several works to generate genome-wide DNA-
binding maps of transcription factors in different species. Recently in our 
group, a Chip-seq experiment was successfully adopted to identify the direct 
target genes of the MADS-domain transcription factor SVP (Short Vegetative 
Phase) in Arabidopsis thaliana (Gregis et al., 2013). For rice not many ChIP-
seq experiments have been published. Recently, it was used to detect histone 
modifications in rice: methylation and acetylation and to study the epigenetic 
status of telomeres (Vaquero-Sedas et al., 2012; Zong et al., 2013; Du et al., 
2013; Nallamilli et al., 2013). 
Since MADS-box transcription factors are able to bind CArG-box consensus 
sequences located in the regulatory regions of their target genes (Egea-cortines 
et al., 1999; Nurrish and Treisman, 1995), we would like to use this technology 
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to find direct targets, that are actually unknown, of the ovule identity factor 
OsMADS13 at genome-wide resolution. 
 
 
Testing αOsMADS13 antibodies  
 
In a previous study, polyclonal antibodies specific for the peptide NH2-
KATIDRYKKAHACGS-COOH, were tested by dot blotting with native and 
denatured form of the OsMADS13 protein. From this analysis, a good signal 
was found in the sample of total denaturated proteins extracted from rice wild 
type inflorescences, whereas a signal was not found in the same sample using 
the native form of OsMADS13 protein. Probably, the epitope of the 
OsMADS13 native form is not accessible and cannot be recognized by α-
OsMADS13. 
As expected, a signal was not found in the negative controls of protein- 
extracted from osmads13 mutant inflorescences and using proteins extracted 
from Arabidopsis thaliana siliques. 
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GFP tagged OsMADS13 for ChIP-seq experiments 
 
Since the α-OsMADS13 antibodies didn’t work in vivo, we transformed rice 
calli (osmads13 mutant background) (Figure 20 A) with the 
pOsMADS13::OsMADS13 (CDS)::GFP construct, in order to use commercial 
α-GFP antibodies for ChIP assays. We also performed another transformation 
of the same calli background, using the construct pOsMADS13::OsMADS13 
(CDS) to verify the rescue of the osmads13 mutant phenotype with the non-
GFP tagged protein (Figure 20 B). Thirteen pOsMADS13::OsMADS13 
(CDS)::GFP independently transformed regenerated plants were generated, 
and frequently more than a single plant for each lines was found. 
Subsequently, plants were grown in a greenhouse for about two months under 
Long Day (LD) conditions (16 h light/8 h dark), and moved fifteen days under 
Short Day (SD) conditions (12 h light/12 h dark) to induce flowering. 
Afterwards, we analyzed GFP expression for each independent transformed 
line, and we found GFP expression in the ovary of a few lines (Figure 24 A-
B), but we didn’t obtain seeds from these plants.  
Clearing analysis to verify correct ovule formation in flowers collected during 
the heading stage from pOsMADS13::OsMADS13 (CDS) transformed plant 
was done. In particular, eleven independently transformed lines were analyzed 
in details and we concluded that the transgenic cassette wasn’t able to fully 
complement the osmads13 phenotype. In these lines, ovule development was 
completely restored and the embryo-sac seemed to develop normally, 
however, a tracheid like structure developed in the region where synergids and 
egg-cell are normally located in wild type ovaries (Figure 21). From these data 
we concluded that the construct pOsMADS13::OsMADS13 (CDS) is not able 
to fully complement the osmads13 mutant phenotype. 
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Figure 20 Scheme of the transformations with the constructs pOsMADS13::OsMADS13(CDS) and 
pOsMADS13::OsMADS13 (CDS)::GFP. 
 
 
Figure 21 Clearing analysis to verify the correct ovule formation in pOsMADS13::OsMADS13 (CDS) positive 
lines. 
 
Cis-Regulatory elements controlling gene expression are preferentially found 
in the promoters of target genes. However, there are also several examples of 
important regulatory sequences in introns, particularly near the 5’ end of genes 
(Rose, 2008). A typical example is the second intron in the MADS-box gene 
AG, which is bound by multiple factors (Sieburth and Meyerowitz, 1997; 
Deyholos and Sieburth, 2000; Hong et al., 2003; Bao et al., 2004; Gómez-
Mena et al., 2005). One of these is the floral meristem identity gene of 
Arabidopsis LEAFY (LFY), that positively regulates AG by binding to sites 
located within this second intron (Busch et al., 1999; Lohmann et al., 2001). 
Rice transformation with:
• pOsMADS13::OsMADS13(CDS)::GFP
• pOsMADS13::OsMADS13(CDS)
In osmads13mutant 
background
In osmads13mutant 
background
A
B
WT Positive line
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Thus we cloned the complete genomic region of OsMADS13 to generate the 
construct pOsMADS13::OsMADS13 (genomic), and we removed the stop 
codon of OsMADS13 to create the GFP fusion construct 
pOsMADS13::OsMADS13 (genomic)::GFP. Subsequently we repeated the 
transformation inserting each construct in osmads13 mutant and heterozygous 
background (Figure 23). In this case, we also transformed 
osmads13/OsMADS13 heterozygous calli to be able to obtain T0 seeds even 
if the transgenic cassette will not be able to fully complement the osmads13 
phenotype leading to sterility. ChIP experiments will be eventually performed 
on T1 panicles of GFP-lines in heterozygous or wild type background.  
We repeated the same transformation twice. From the first transformation, we 
analyzed six lines of heterozygous calli transformed with the construct 
pOsMADS13::OsMADS13 (genomic)::GFP, but we observed GFP expression 
in the ovary only in one of these positive lines. Differently from the 
transformation done with the construct pOsMADS13::OsMADS13 
(CDS)::GFP (Figure 24 B), we observed a different GFP expression pattern 
in the positive line for the construct 
pOsMADS13::OsMADS13(genomic)::GFP (Figure 24 C). In particular the 
GFP signal in pOsMADS13::OsMADS13 (genomic)::GFP positive line seems 
to be stronger in the integuments and weaker in the nucellus tissues as 
compared to pOsMADS13::OsMADS13 (CDS)::GFP positive lines (Figure 24 
C-D). The seeds obtained from this line were sowed and PCR analysis on T1 
plants was done to find the plants positive for the construct 
pOsMADS13::OsMADS13 (genomic)::GFP in homozygous state in 
osmads13 mutant background. To discriminate wild-type OsMADS13 allele 
from the construct pOsMADS13::OsMADS13 (genomic)::GFP, we set-up a 
digestion of the PCR amplificated region between primers Osp66 and Osp311 
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with the restriction enzyme SpeI, able to cut only the fragment amplificated 
from T-DNA insertion (Figure 22).  
 
 
Figure 22 Digestion to discriminate wild type OsMADS13 allele from the construct pOsMADS13::OsMADS13 
(genomic)::GFP. 1: Marker, 2 wild-type control, 3 pOsMADS13::OsMADS13 (genomic)::GFP in osmads13/+ calli 
background, 4: pOsMADS13::OsMADS13 (genomic)::GFP in osmads13 calli background. 
 
From this analysis we obtained nine plants (osmads13 mutant background) 
carrying the construct pOsMADS13::OsMADS13 (genomic)::GFP in 
homozygous state and we are waiting for seeds, that will be collected in 6 
weeks, to confirm the full complementation of the osmads13 mutant 
phenotype.  
From the second transformation we obtained fifteen independent lines for the 
construct pOsMADS13::OsMADS13 (genomic)::GFP for both the osmads13 
mutant background and the heterozygous background. Thirty-four lines for 
the control pOsMADS13::OsMADS13 (genomic) in osmads13 mutant 
background and eight lines for the same construct in heterozygous background 
were obtained. Now we are growing these positive regenerant lines in 
phytotron and soon we will induce flowering and GFP expression will be 
analyzed in the ovary. In this second experiment we obtained plants with the 
construct in the osmads13 mutant background and therefore we will be able 
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to verify the full-complementation of the osmads13 mutant phenotype directly 
in T0 lines.  
In conclusion, for the ChIP-seq experiments we are going to select a positive 
line carrying the construct pOsMADS13::OsMADS13 (genomic)::GFP 
introduced into the osmads13 mutant background, expressing GFP in the 
ovary, and able to make seeds (phenotype complementation). Subsequently, 
this line will be propagated to obtain a large amount of plants to extract enough 
chromatin from young panicle for ChIP-seq experiment. 
 
 
Figure 23 Scheme of the transformations with the constructs pOsMADS13::OsMADS13(genomic) and 
pOsMADS13::OsMADS13 (genomic)::GFP. 
 
A
B
• pOsMADS13::OsMADS13(genomic)::GFP
• pOsMADS13::OsMADS13(genomic)
In osmads13 mutant 
background
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Figure 24 Comparison between GFP expression in pOsMADS13::OsMADS13 (CDS)::GFP (B) and 
pOsMADS13::OsMADS13 (genomic)::GFP (D) positive lines. The GFP expression pattern is quite different in 
pOsMADS13::OsMADS13 (CDS)::GFP as compared to pOsMADS13::OsMADS13 (genomic)::GFP positive lines. 
In particular the GFP signal seems to be stronger in the integuments and weaker in the nucellus tissues in the 
pOsMADS13::OsMADS13 (genomic)::GFP positive line. 
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DISCUSSION 
 
The role of AGAMOUS subfamily genes in rice 
 
Several studies conducted in Arabidopsis thaliana and Antirrhinum majus 
have shown that genes belonging to the AGAMOUS subfamily are involved in 
stamen, carpel and ovule development, and they also play an important role in 
floral meristem determinacy. The AGAMOUS subfamily of Arabidopsis 
thaliana is composed of: SEEDSTICK (STK), SHATTERPROOF1 (SHP1), 
SHP2 and AGAMOUS (AG). 
Phylogenetic analysis has shown that AG, SHP1 and SHP2 belong to the same 
evolutionary clade, named AG-lineage, whereas STK, is the only member of 
the AGL11-lineage. Pinyopich and colleagues in 2003 studied in detail the 
roles of the AGAMOUS subfamily genes in Arabidopsis, and they found that 
STK, SHP1, SHP2 and AG, redundantly regulate ovule development. 
According to the ABCDE model, the C Class gene AGAMOUS of Arabidopsis 
is involved in the determination of stamens and carpel identity, and it also 
plays an important role in floral meristem determinacy (Bowman et al., 1991; 
Drews et al., 1991). Phylogenetic studies have shown that two AGAMOUS 
orthologs, named OsMADS3 and OsMADS58, are present in the rice genome. 
Yamaguchi and colleagues in 2006, starting from the analysis of the single 
mutants osmads3 and osmads58-RNAi silencing line and of the double mutant 
osmads3 osmads58-RNAi, tried to demonstrate the functional conservation of 
the C- function in rice. From these analyses, they concluded that the stamen 
identity was partially lost in all the AG-like mutants, whereas carpel identity 
was maintained. These data are in disagreement with what is predicted by the 
ABCDE model, in which due to the lack of the C- function, we expect to 
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obtain flowers that are indeterminate and having in the third whorl stamens 
homeotically transformed into lodicules and carpel transformed into a 
palea/lemma. The data obtained by Yamaguchi et al., (2006) would implicate 
that the C function is not conserved in the monocot species rice which would 
be a great surprise also because of the strong structural conservation of carpels 
between monocot and dicot species. Considering that Yamaguchi et al., (2006) 
used for their double mutant a mild osmads3 mutant allele and a RNAi 
approach to silence OsMADS58, makes it likely that the observed phenotype 
is a rather mild double mutant phenotype and might have lead to incorrect 
conclusions. Therefore, we repeated the functional characterization of 
OsMADS3 and OsMADS58. We also studied in detail the genetic interactions 
with the other two members of the rice AGAMOUS subfamily, named 
OsMADS13 and OsMADS21, which belong to the AGL11-lineage.  
In Chapter II we demonstrated that OsMADS3 and OsMADS58 are the C- 
class genes of rice and the lack of both genes resulted in a phenotype that is in 
agreement with what is predicted by the ABCDE model. Moreover, our 
analysis also confirmed the role of OsMADS3 and OsMADS58 in floral 
meristem determinacy, similar to the AG function in Arabidopsis thaliana.  
Looking at the stk mutant of Arabidopsis it is possible to observe an 
enlargement of the funiculus and the inhibition of seed detachment after 
maturation, whereas ovule identity was not affected. Differently from 
Arabidopsis, OsMADS13 that is the STK ortholog in rice, was not redundant 
with other genes in determining ovule identity. From previous analysis 
conducted in our laboratory on the osmads13 single mutant, it was shown that 
it is completely sterile because ovules are converted into carpelloid structures. 
Analyzing the mutant of the other member of the AGL11-lineage named 
OsMADS21, we didn’t find a clear role for this gene during ovule 
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development. In fact, the osmads21 single mutant didn’t show visible 
alterations in respect to wild-type, and the osmads13 osmads21 double mutant 
didn’t display an enhancement of the osmads13 single mutant phenotype. 
From the analysis of the phenotype of transformed osmads13 lines carrying 
the construct pOsMADS13::OsMADS21, we found a restoration of ovule 
identity although these ovules had a gametophyte defect strongly suggesting 
that OsMADS21 has no role in wild-type ovule identity determination due to 
its low expression level.  
In Chapter II, I also show that differently from the exclusive function of AG 
in the determinacy of floral meristem activity in Arabidopsis thaliana, in rice 
OsMADS3 and OsMADS58, but also OsMADS13 act redundantly in this 
process. It is important to notice that ovule developmental stages show some 
differences as we compare rice with Arabidopsis thaliana. In particular, in rice 
from the floral meristem also the ovule develops, whereas in Arabidopsis 
thaliana the FM was completely consumed by the development of the two 
carpels. Therefore, in Arabidopsis thaliana ovules are most likely originating 
from ‘new’ meristematic cells located in the placenta. The evolutionary 
distance between rice and Arabidopsis might explain these differences during 
ovule development, but it is still possible to find some similarities comparing 
these two species. AG of Arabidopsis is involved in floral meristem 
determinacy, and STK plays roles in differentiation of carpel margin to ovule 
founder cells. In fact, ovules were homeotically converted into secondary 
ectopic carpel-like structures when the stk mutant was combined with 
mutations of SHP1 and SHP2 (Pinyopich et al., 2003). On the other hand, in 
Petunia and rice, placenta and ovules arise directly from the inner part of the 
floral meristem, and differently from Arabidopsis, the floral meristem is 
maintained after carpel primordia formation. In Petunia two genes 
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orthologous to SEEDSTICK are present, named FBP7 and FBP11. It was 
shown that the co-suppression of FBP7 and FBP11, leads to the 
transformation of ovules into carpel-like structures developed directly from 
the placenta (Angenent et al., 1995; Colombo et al., 1995). On the contrary, 
more recent analysis based on multiple transposon insertion alleles, have 
shown that the ovule development was not largely affected in fbp7 fbp11 
double mutants, and that a strong loss of ovule identity was obtained 
combining the fbp7 fbp11 double mutant with either the PMADS3-RNAi line 
or the fbp6 mutant (Heijmans et al., 2012). From these analysis Heijmans and 
colleagues in 2012 concluded that the ovule identity in Petunia hybrida was 
redundantly specified by AG-lineage and AGL11-lineage, and this 
characteristic seems to be conserved within core eudicots.  
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OsMADS13 is a master regulator of several downstream 
processes 
 
Laser Microdissection could be considered a very powerful approach to isolate 
specific tissues or cell-type, in order to extract RNA, DNA or protein from 
microdissected tissues. A Laser Microdissection approach followed by a 
microarray analysis, was used to report the expression profiles of the 
megaspore mother cell (MMC) (Schmidt et al., 2011), and of the three cell 
types of mature female gametophytes of Arabidopsis thaliana (Wuest et al., 
2010). On the other hand, a similar experiment was done in rice to study the 
genome-wide expression profile of mature ovules from the megaspore mother 
cell at pre-meiotic stage to the mature embryo sac (Kubo et al., 2013). 
Recently, Schmid and colleagues published an interesting work, in which 
Laser Microdissection followed by RNA-sequencing were successfully 
applied to study the transcriptome of the central cells of the mature embryo 
sac of Arabidopsis thaliana (Schmid et al., 2012). Later, another experiment 
was done to evaluate the transcriptional changes during pollination in papilla 
cells of three different species of Brassicaceae, in order to study the process 
of pollination at the molecular level (Osaka et al., 2013).  
Our idea was to perform a similar experiment in rice using Laser 
Microdissection to collect material from floral meristem (FM) and ovule 
primordia (OP), of both osmads13 mutant and wild type inflorescences. 
Subsequently, we wanted to study the deregulation of interesting genes in the 
OsMADS13 expression domain doing an RNA-seq analysis.  
Since a similar experiment was never done before in rice using the RNA 
extracted from FM and OP material by Laser Microdissection, we needed to 
improve the fixation and embedding protocol in order to obtain a good RNA 
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quality for downstream applications. The set-up of the experiment required 
few mouths of work, and in the meantime we sequenced the RNA extracted 
from osmads13 mutant and wild-type whole inflorescences at early stages of 
ovule development, to speed up the identification of genes that are 
differentially expressed (Chapter III). Later good quality of the RNA 
extracted from Laser Microdissected material was obtained, which allowed 
starting collecting samples from floral meristem (FM) and ovule primordia 
(OP), of both osmads13 mutant and wild type inflorescences, in order to study 
the deregulation of interesting genes in the OsMADS13 expression domain. 
Subsequently, a selection of the most interesting genes based on the criteria 
shown in Chapter III was done. Enrichment for transcription factors (TFs) 
was found in the subset of selected genes and 68% of these TFs are up-
regulated in the osmads13 mutant. These data suggest that during early stages 
of rice ovule development OsMADS13 is a key regulator of downstream 
regulatory pathways and mostly represses these pathways. In particular, based 
on Gene-Ontology (GO) analysis, and looking for the role of putative 
Arabidopsis orthologs, we found that some of these TFs could be involved in 
floral meristem activity. One interesting gene that could plays such a role is 
PCF5, which belongs to the class II of TCP transcription factors, and is up-
regulated in the ovule primordia (OP) and floral meristem (FM) in the 
osmads13 mutant. Since now, PCF5 has not been described in literature, 
whereas from phylogenetic studies conducted in 2002, Kosuki and Ohashi 
have shown that this gene belongs to the Class II of TCP transcription factors, 
which are supposed to encode for protein involved in repressing several 
growth-associated genes. Two homologous Class II TCP transcription factors, 
named CINCINNATA (CIN) of Antirrhinum majus and TCP4 of Arabidopsis 
thaliana are involved in repressing cell division, controlling in this way leaf 
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morphogenesis (Nath et al., 2003; Palatnik et al., 2003). Recent work have 
also demonstrated that the expression of TCP4 in budding yeast, lead to a 
block in cell division at the transition from G1 to S stages (Aggarwal et al., 
2011). Taken together these data, we hypothesized that PCF5 could be 
involved in a similar role repressing cell division in proliferating cells of the 
rice floral meristem. Due to the little knowledge available about this gene, 
further analysis will be required to study in details the role of PCF5 during 
ovule development. MADS-domain transcription factors play important roles 
during flower development, therefore the up-regulation of OsMADS8 in the 
ovule primordia (OP) of the osmads13 mutant, as described in Chapter III, 
is of interest. It was previously shown that OsMADS8 and OsMADS7 belong 
to the SEP3-clade (Kang et al., 1997; Zahn et al., 2005). From the analysis of 
the plants in which both genes were silenced using an RNAi approach, some 
interesting phenotypic defects were observed: aberrant carpels, late flowering, 
transformation of lodicules, stamens and carpel into palea/lemma like organs 
and the floral meristem was indeterminate (Cui et al., 2010). Since in Chapter 
II it was shown that OsMADS3, OsMADS58 and OsMADS13 are 
redundantly involved in determining floral meristem determinacy, it might be 
that OsMADS7 and OsMADS8 could play roles in making functional 
multimeric complexes interacting with C and D class proteins. Yeast three-
hybrid experiment have previously shown that SEP3 is necessary for the 
formation of functional ovule identity complexes in Arabidopsis thaliana, 
which is composed by the proteins SHP1, SHP2 and STK. A similar role for 
OSMADS7 and OsMADS8 in rice is further supported by the observation that 
OsMADS13 physically interacts with these MADS-domain factors (Favaro et 
al., 2002, 2003; Cui et al., 2010). 
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Given that we found four CArG-like consensus sequences in the OsMADS8 
promoter, it might be that OsMADS13 directly regulates its expression. In the 
future interesting experiment could be done to verify if OsMADS8 is also able 
to interact with the rice C-function proteins OsMADS3 and OsMADS58.  
In Chapter II it was also shown that OsMADS3 and OsMADS58 are 
redundantly involved in rice carpel development. Since in osmads13 ovules 
are converted into carpelloid structures, it could be hypothesized that 
OsMADS13 is a repressor of C-class genes. From RT-qPCR on Laser Micro-
Dissected material, an up-regulation of these genes was found in ovule 
primordia (OP) and floral meristem (FM) of the osmads13 mutant. Also the 
YABBY transcription factor DROOPING LEAF (DL), which is supposed to 
be a carpel identity gene of rice (Nagasawa et al., 2003; Yamaguchi et al., 
2004), was up-regulated in the osmads13 mutant. In conclusion, the MADS-
domain transcription factor OsMADS13 in a master regulator of several 
downstream genes leading to correct ovule development. Most of the 
deregulated genes are transcription factors (TFs), and most of them are up-
regulated in the osmads13 mutant. Further analysis will be necessary to 
elucidate the functions of these genes during different stages of ovule 
development, starting from analysis of the phenotype of some available 
mutants, or using an RNAi based approach for silencing. Taken the advantages 
of the histological analysis, we will also be able to detect alteration during 
ovule development of the mutant lines.  
Thanks to our RNA-seq analysis now we have the transcriptome of the early 
stages of rice ovule development, and these data could be used as a starting 
point for future experiments that will focus on the elucidating the roles of 
downstream genes in this complicated but fascinating process. 
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Complementation of the osmads13 mutant phenotype 
 
From a Chromatin Immuno-Precipitation (ChIP) experiment done using an 
antibody against STK, it was shown that VERDANDI (VDD) is a direct target 
of SEEDSTICK (STK) (Matias-Hernandez et al., 2010). Our idea was to 
follow a similar strategy to find direct targets of the rice ovule identity factor 
OsMADS13. In previous studies, the polyclonal antibody against OsMADS13 
was tested by dot blotting with native and denatured form of the OsMADS13 
protein. From this analysis, it was concluded that the antibodies were not 
suitable for ChIP experiments. Our alternative approach was to express under 
its native promoter a OsMADS13-GFP fusion protein in order to use 
commercial αGFP antibodies for ChIP experiment. To verify if the fusion 
protein works in the same way as the endogen OsMADS13 protein, we 
transformed using this contruct osmads13 mutant rice calli. From these 
positive plants, we expected to obtain seeds due to the complementation of the 
osmads13 mutant phenotype. Moreover, transforming the osmads13 mutant 
calli, it was possible to avoid the competition between the OsMADS13 fusion 
and native proteins for binding to the target DNA sequences. Analyzing the 
positive lines we found GFP expression in the ovary, although, the plants were 
completely sterile. From the analysis of the ovule morphology of the 
transformed plants carrying the construct pOsMADS13::OsMADS13 (CDS), 
we found that the embryo sac seemed to develop normally, however a 
tracheid-like structure developed at the basal portion of the ovule. From 
clearing analysis we concluded that the pOsMADS13::OsMADS13 (CDS) was 
not able to fully complement the osmads13 mutant phenotype, but we didn’t 
observe the formation of carpeloid structures instead of ovules, as normally 
happens in osmads13 mutant (Figure 25). These data indicate that 
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OsMADS13 can also be involved in the development of the female 
gametophyte, and this was never observed previously due to the severe 
osmads13 mutant phenotype. Interestingly, it was previously shown that also 
STK of Arabidopsis thaliana, with SHP1 and SHP2, play crucial roles in the 
development of the embryo sac. In particular, from the analysis of the stk shp1 
shp2 triple mutant, it was shown that the development of the female 
gametophyte is arrested after megasporogenesis (Brambilla et al., 2007; 
Colombo et al., 2008). Moreover, the only direct target of STK with a known 
function is VERDANDI (VDD), which belongs to the REM family of 
transcription factors, and is involved in the determination of cell identity in 
the female gametophyte (Matias-Hernandez et al., 2010). Unfortunately, from 
nucleotide alignment analysis, no putative orthologs of VDD gene were 
present in the rice genome, furthermore we didn’t found members of the REM 
family in the dataset of the RNA-seq analysis. However, we cannot exclude 
that other OsMADS13 uncharacterized target genes could be involved in the 
female gametophyte development of rice. Another hypothesis attributes the 
lack of the introns in the construct pOsMADS13::OsMADS13 (CDS) as the 
cause of defects in the female gametophyte of the positive transformed lines.  
 
Figure 25 Clearing analysis of wild-type, pOsMADS13::OsMADS13 (CDS) positive line, and osmads13 mutant 
control ovules. 
Searching in literature, we found that some regulatory sequences are 
frequently located in introns (Rose, 2008). In particular, the second intron in 
wild-type pOsMADS13::OsMADS13(CDS) osmads13 mutant
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the MADS-box gene AG, is bound by multiple factors (Sieburth and 
Meyerowitz, 1997; Deyholos and Sieburth, 2000; Hong et al., 2003; Bao et 
al., 2004; Gómez-Mena et al., 2005). Kooiker and colleagues in 2005, have 
shown that the leader-intron of SEEDSTICK, is important for the ovule-
specific expression of STK. In particular, the β-glucoronidase (GUS) reporter 
gene was expressed in all floral organs of Arabidopsis transformed with a 
construct in which the first intron of STK was deleted (Kooiker et al., 2005). 
In the same work it was also shown that BASIC PENTACYSTEINE (BPC) 
factors, binds the target GAGA boxes across the SEEDSTICK promoter and 
the leader intron restricting STK expression specifically in the ovule (Simonini 
et al., 2012; Kooiker et al., 2005). From previous analysis, it was shown that 
GAGA boxes are also present in the OsMADS13 leader intron, therefore we 
suppose that a regulatory mechanism similar to that of Arabidopsis could be 
present in rice. 
Taken together these published data, we decided to repeat the transformation 
using the whole locus of OsMADS13 fused to GFP under the OsMADS13 
promoter, and subsequently we introduced this construct into the osmads13 
mutant and heterozygous background. 
Also in these positive lines we found GFP expression in the ovary (see 
Chapter III), whereas the expression pattern was quite different as compared 
to the positive plants transformed with pOsMADS13::OsMADS13 
(CDS)::GFP. From the analysis of positive lines transformed with the whole 
OsMADS13 locus, it was possible to observe a stronger GFP expression in the 
integuments, and a weaker GFP expression in the nucellus, as compared to the 
lines carrying the construct pOsMADS13::OsMADS13 (CDS)::GFP. 
Furthermore, we observed that the GFP expression pattern of positive lines for 
pOsMADS13::OsMADS13 (genomic)::GFP, is more similar to the 
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OsMADS13 expression evaluated by in situ hybridization in comparable 
developmental stages (Lopez-Dee et al., 1999; Dreni et al., 2007).  
Taken together these data, we hypothesized that OsMADS13 expression 
pattern could be important for the correct development of female 
gametophyte, and the introns might contain some regulatory regions that play 
crucial role in determining the spatial GFP expression in the ovary.  
To increase optical resolution, we are going to do a Confocal Microscopy 
analysis to study in detail the GFP expression in the lines positive for the 
construct pOsMADS13::OsMADS13 (genomic)::GFP. At the same time, 
clearing analysis will be performed to verify if ovule development is correct 
in plants carrying the construct pOsMADS13::OsMADS13 (genomic) 
introduced into the osmads13 mutant background. To prove the full 
complementation of the osmads13 mutant phenotype, we are going to select 
positive lines that will be able to make seeds. In particular we are interested in 
fertile osmads13 plants carrying the pOsMADS13::OsMADS13 
(genomic)::GFP construct, that we will use to perform ChIP experiments to 
verify if putative downstream target genes are directly regulated by 
OsMADS13. In case no complete restore of ovule development is observed 
then these lines will still be useful since ovule identity determination and 
meristem determinacy are restored. This therefore allows us to use these lines 
to study the regulatory pathways regulating these processes and that are under 
direct control of OsMADS13. 
 
In conclusion, the work presented in my thesis elucidates the genetic 
interactions between rice AG subfamily members and shows that OsMADS13 
is important in the control of ovule identity determination, floral meristem 
determinacy and probably also embryo sac development. The identification 
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and functional analysis of regulatory pathways downstream of OsMADS13 
has been initiated during my thesis project and this work promises to generate 
interesting insights in this complicated process in the near future. 
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MATERIAL & METHODS  
 
Plant materials 
Oryza sativa L. ssp. Japonica of cultivars Nipponbare and Dongjin, and 
mutant lines 2D-003-37 (Tos17 insertion in OsMADS13, cv. Dongjin), were 
grown in a greenhouse for about two months under Long Day (LD) conditions 
(16 h light at 28°C/8 h dark at 22°C), and moved for fifteen days to Short Day 
(SD) conditions (12 h light at 28°C/12 h dark at 22°C) to induce flowering. 
Genotyping of mutant plant 
For genotyping of the knock-out line 2D-003-37 we used the following 
primers: Osp66 (forward) with Osp67 (reverse) to detect the OsMADS13 wild-
type allele, and Osp66 with Osp14 (Tos17R) for the osmads13 mutant allele 
(Table 5).  
Primer used for genotyping 
CODE SEQUENCE (5' → 3') DETAILS 
Osp 14 CCAGTCCATTGGATCTTGTATCTTGTATATAC Reverse Tos17 
Osp 66 CTTTGATCTTGTGAGGAGACAG Forward 5’ UTR 
Osp 67 GCCTAGATGCAAGTATAGAGTG Reverse leader intron 
Table 5 Primer used for genotyping. 
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Plasmid Construction and Plant Transformation 
 
A 3435-bp fragment of the OsMADS13 upstream region (pOsMADS13), 
comprising the 5’ untranslated region and leader intron sequences, but not the 
start codon, was amplified with primers Osp131F-SacI and Osp132R-SpeI, 
using Phusion High-Fidelity DNA polymerase (Finnzymes). The PCR product 
was digested with SacI (partial digestion) and SpeI restriction enzymes. The 
binary vector pK2GW7 (Karimi et al., 2002), carrying the NptII selectable 
marker gene for in planta selection, was digested with the same enzymes to 
excise the 35S promoter. The pOsMADS13 fragment was then ligated into the 
digested plasmid to generate the NOB1186 vector. The OsMADS13 genomic 
sequence was amplified from Nipponbare leaf genomic DNA using the 
primers Osp46-attB1 and Osp47-attB2 and recombined into NOB1186 using 
Gateway Technology (Invitrogen). To obtain the construct 
pOsMADS13:OsMADS13:GFP, the OsMADS13 genomic sequence was 
amplified in two fragments, the first part using the primers Osp46F-AttB1 and 
Osp397R and the second using the primers Osp396F and Osp312R+SpeI (able 
to remove the stop codon). The GFP fragment was amplified using the 
pGREEN II plasmid carrying the GFP gene as template, using primers 
Atp2718F-SpeI-AatII and Vep124R-attB2. The fragments amplified using the 
primers Osp396F and Osp312R+SpeI and the GFP fragment were digested 
with SpeI restriction enzyme and ligated. A second ligation was done to 
complete the construct linking the fragment amplified using the primers 
Osp46F-AttB1 and Osp397R. The ligation product was recombined into 
NOB1186 using Gateway Technology (Invitrogen). Finally, 
pOsMADS13:OsMADS13 and pOsMADS13:OsMADS13:GFP vectors were 
introduced in the Agrobacterium tumefaciens strain EHA105. Rice 
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transformation was performed using geneticin (G418) selection and the 
protocol of Hiei et al. (1994). 
 
Primer used for cloning 
CODE SEQUENCE (5' → 3') DETAILS 
Osp 46 
GGGGACAAGTTTGTACAAAAAAGCAGGCTA
CATGGGGAGGGGCAGGATTGAGATC 
OsMADS13 Gateway 
(attB1) forward 
Osp 47 
GGGGACCACTTTGTACAAGAAAGCTGGGTG
AAGTTCATGAGGTTCAGAAGTG 
OsMADS13 Gateway 
(attB2) reverse 
Osp 131 TAGAGCTCATCCATCTCCATCCGATCGAC 
OsMADS13 promoter 
forward + SacI 
Osp 132 CCACTAGTCTTCTTGCTCTCAACTGATC 
OsMADS13 5'UTR 
reverse + SpeI  
Osp 312 CCACTAGTGAAGTGAGGAGGCGGCGCGT 
OsMADS13 CDS 
reverse + SpeI 
Osp 396 CAATGGCTACCTTTCTTCTGC 
OsMADS13 forward 
for locus cloning  
Osp 397 GAAGTTGAGCCACAAGCATG 
OsMADS13 reverse 
for locus cloning 
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Atp 2718 
CACCACTAGTGACGTCATGGTGAGCAAGGG
CGAGGAG 
GFP forward + SpeI-
AatII 
Vep 124 
GGGGACCACTTTGTACAAGAAAGCTGGGTT
TACTTGTACAGCTCGTCCA 
GFP Gateway (attB2) 
reverse  
Table 6 Primer used for cloning. 
 
Total RNA Extraction and RNA-sequencing 
Three biological replicates from wild-type and osmads13 mutant whole 
inflorescences at early stages of development (length between 0,5cm and 
0,8cm) were collected. Total RNA was extracted using the PureLink RNA 
Mini Kit - Ambion, and subsequently treated with TURBO DNase Ambion 
according to manufacturer’s instructions. The sequencing libraries were 
prepared at IGA Technology Services (Udine, Italy) using 4ug of Total RNA 
from each sample, and PolyA-selected RNA was then sequenced on a HiSeq 
2000 Illumina sequencing machine in 6plex. Resulting in 20 to 40 million 50 
bp long single end reads for each sample. 
 
RNA-sequencing analysis: 
 
DE genes 
Transcript abundance quantification and differential expression (DE) 
analyses were performed using the Bowtie/Tophat/Cufflinks pipeline (BTC) 
(Trapnell et al., 2012) with the MSU Osa1 Release 7 Annotation and standard 
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parameters. Given the nature of the data (50 bp single end reads) we quantified 
transcripts considering the reference annotation, disabling the option for 
reference genome-based assembly of the transcriptome. 
GO Analysis 
A custom script was used to determine the GO enrichment according 
to the GOslim categorization. A hypergeometric distribution statistical testing 
method was applied to determinate the enriched genes and the Benjamini and 
Hochberg false discovery rate (FDR) correction was performed in order to 
limit the number of false positives. The FDR was set to 0.05.  
CArG-box search 
The Match™ public version 1.0 tool available at the “Gene Regulation” 
website (http://www.gene-regulation.com/pub/programs.html), was used to 
find DNA sequences for predicted transcription factor binding sites. 
Sequences of interesting genes from 3 kb upstream of the Transcription Start 
Site (TSS) to 3’ UTRs were analysed for AGAMOUS-like binding sites. The 
default parameters were modified based on the CArG-boxes sequences bound 
by SEEDSTICK (Hernandez et al., 2010; Mendes et al., 2013) of the 
VERDANDI promoter. 
Tissue embedding for Laser Microdissection 
 
Whole inflorescences with length between 0,5cm and 0,8cm were harvested 
from wild-type and osmads13 mutant in ice cold Acetone, infiltrated with 
vacuum for 15’, and stored overnight in fresh fixative at 4°C. The next day 
ethanol was slowly substituted by xylene (xylene : ethanol (v:v) 1:3, 1:1, 1:3, 
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pure xylene, pure xylene) at room temperature (RT), changing solution every 
60 minutes. Flakes of Paraplast Xtra® (Sigma – Aldrich) were then added and 
left to dissolve in xylene o/n at RT. The next day inflorescence were moved 
to 54°C for 10 minutes and then xylene was substituted with fused Paraplast 
Xtra® with 2 hours changes for 24 hours at 54°C. The next day samples in 
Paraplast Xtra® were lodged in Petri dishes and stored at 4°C 
 
Laser Microdissection 
 
Tissue was sectioned into slices with a Leica RM 2155 microtome, distended 
on pure methanol (Schmid et al., 2012) on Leica PET membrane frameslides, 
dried at 37°C for 30 minutes, washed twice (5 minutes each) in pure xylene to 
remove Paraplast Xtra®, dried at room temperature for 10 minutes and 
immediately dissected with a Leica LMD6000 laser microdissector. 
 
RNA extraction, retrotranscription and amplification 
 
To get a sufficient amount of RNA for down-stream application, 80-100 
sections were performed for each sample by using the LMD 6000 system 
(Leica). After microdissection 10 µl of XB buffer from the Arcturus Picopure 
RNA extraction Kit (Life Technologies) was added. Samples were then heated 
at 42°C for 30 minutes, centrifuged at 800 r.c.f for 2 minutes and stored at -
80. Before proceeding with the extraction, material from 3 different tubes were 
pooled in one; and RNA extraction was then performed using the Arcturus 
Picopure RNA extraction kit as specified by manufacturer’s instructions. RNA 
integrity and concentration was tested using the RNA 6000 Pico assay kit on 
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an Agilent 2100 Bioanalyzer (in collaboration with “Fondazione Filarete”). 
Retro-transcription and amplification were performed using the Ovation 
PicoSL WTA System V2 (NuGen technologies) as specified by the 
manufacturer’s instructions. Three biological replicates were obtained for 
each sample: wild-type Floral Meristem (FM), wild-type Ovule Primordia 
(OP), osmads13 mutant FM and osmads13 mutant OP. 
 
Expression analysis by standard and large-scale RT-qPCR 
Specific primers for selected genes were designed and tested by quantitative 
Reverse Transcription PCR (RT–qPCR). RNA was extracted using Pure Link 
RNA Mini Kit –Ambion, from wild type and osmads13 mutant pools of early 
developing inflorescence with a length between 0,5cm and 0,8cm. 
Subsequently the RNA was treated with TURBO DNase – Ambion, according 
to manufacturer’s instructions. The retro-transcription was done starting from 
~0.5 μg of RNA with the iScript cDNA synthesis kit (Bio-Rad). Negative 
controls were performed without the addition of reverse transcriptase into the 
mix. Tenfold dilutions of cDNA were tested in RT-PCR and qRT-PCR 
experiments and no amplification was observed in negative controls. For qRT-
PCR analyses, cDNA templates (10-fold dilutions) and primers (Table 7) were 
added to iQ SYBR Green Supermix (Bio-Rad). qRT-PCR reactions were 
performed with three technical replicates/samples using a Bio-Rad CFX96 
real-time PCR detection system, and primers set efficiency was calculated 
using the CFX Manager 2.1 software based on the delta-delta Ct method. 
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Primer used for RT-qPCR 
LOCUS ID PRIMER CODE PRIMER SEQUENCE (5' → 3') 
Os02g06640 
Osp 355 GAGCCTCTGTTCGTCAAGTA 
Osp 356 ACTCGATGGTCCATTAAACC 
Os03g08010 
RT 1212 TGGTATGGTGGTGACCTTTG 
RT 1213 GTACCCACGCTTCAGATCCT 
Os06g11170 
RT 418 GGAATGTGGACGGTGACACT 
RT 419 TCAAAATAGAGTCCAGTAGATTTGTCA 
Os01g10504 
RT 973 GGGATTCTATCAACACCATGAG 
RT 974 CTCAACTTCAGCATATAACAGC 
Os09g32948 
Osp 655 CACCTTGCAGATCGGGTTTA 
Osp 656 ATCTGTGTCGTCACATCCGT 
Os12g10540 
Osp 671 GCTTGTGGCTCAACTTCTGG 
Osp 672 CAACCAGGTGCTTGTTGGTG 
Os05g11414 
RT 975 CTGCTAAGCTGAAGCAACAG 
RT 976 CTTCCAGCTGCTTAAGTTCTC 
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Os03g11600 
Osp 426 AGTCCCATGCAAGAGGCTGATG 
Osp 427 TTCCTCCTGCAGTCAGTGCAAG 
Os03g15270 
Osp 459 ACTTCCTCGTGTGCATCTCC 
Osp 460 GCTCTGACGAAAGCCTTGAT 
Os02g42990 
Osp 623 ACGTGTCATGTGTGCTCGAT 
Osp 624 GCATCCACACAGAAAGGGGA 
Os04g51890 
Osp 667 GGATGGTGAGGGATGATTTG 
Osp 668 ATCCATGAGGGCTGCATTAC 
Os07g29310 
Osp 621 GTTCGGATTGGTGATCCATGC 
Osp 622 GCACGCGTTAAACTCACCAG 
Os03g58600 
Osp 458 CCTGAAATCACCAAATACCG 
Osp 522 TTCTGATGGCATCCATTTC 
Os09g36700 
Osp 489 AGCTCTGCTCTGCCTTCTTG 
Osp 490 ACAGGGAAGAGTTGGTGGTG 
Os05g13630 Osp 663 GACGAGCAAACCCTCATGGA 
Molecular control of reproductive organ development in rice (Oryza Sativa L.) 
115 
 
Osp 664 TCCCCATCTCACTGTCCCAA 
Os07g01530 
Osp 557 AGCTATATATGGCGAGCGAGC 
Osp 658 GTCGTCCTTCTTGTCCCCTG 
Os04g58810 
Osp 659 GTGGCAGCGAGATGATACGA 
RT 1371 CCACCACACGAGAAAATCAACC 
Os03g57240 
Osp 617 ATGTTTGCCTCTGCTGCTGTA 
Osp 618 TGGCGATTCGAGCATGAGAT 
Os04g35500 
Osp 531 CACACTGTCACTGGCACACA 
Osp 532 ATTAACGCGGAACTGAGCGA 
Os08g34010 
Osp 533 GCGGTGAGCTGAGTTGATCT 
Osp 534 TTCAAGCACTCCCTGTACACC 
Os02g13310 
Osp 481 TTTGATGGCGATGTTAGCTG 
Osp 482 ATCGATCTCCCAATGAGGTG 
Os06g45140 
Osp 535 ACTCGAATCACAGGTCGAGCAACT 
Osp 536 TGTCCGTGACCGCTGTATTGAACT 
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Os09g36910 
Osp 537 CAAGTACGAGCAGCTGAGGA 
Osp 538 GAAGAATCAGAATGGCGCGG 
Os01g49830 
Osp 625 TTCGCCCATGTTCTTGCTTG 
Osp 626 GGGAAATATCTCCATTGGTTGTGG 
Os03g09170 
Osp 545 GGACGCGATCCTTTCCTGAT 
Osp 546 AAGCAGACCAGGGGTTGATG 
Os09g35010 
Osp 547 CTCGCACTGAAAAGTGTGGAC 
Osp 548 AGCTCTTTGGAGAGGAGAAGT 
Os04g52090 
Osp 553 CAAACCAACCACCCACCATC 
Osp 554 TTCTTGTTCGGGTCGAGCAC 
Os05g41760 
Osp 551 AATGTGGGAGTGGAGAGCAC 
Osp 552 GGGGCAATGTGAGAACGCTA 
Os11g07460 
Osp 479 ATCAGCACCACCCGTTCTAC 
Osp 480 CCACCACCGCTTTCTTCTC 
Os01g11550 Osp 477 CATCACGGAATTGTCGATTG 
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Osp 478 CAACAGACACAGAGGCTTGC  
Os01g50940 
Osp 520 TCGTGCGTACGGTATAGCTG 
Osp 521 CCCCTATACGATGCTTCAGG 
Os08g37290 
Osp 539 TTTTAAACCCCACGACAACC 
Osp 540 GACCCACCCTTCCTCACC 
Os07g39220 
Osp 501 CCAGCTGATCATGGTTGTTG 
Osp 502 GATGCACATGACAGGTACGG 
Os04g43680 
Osp 631 TCCAACCTTACTCTGCAGCC 
Osp 632 GACCCTTCTTGAGCCCCATC 
Os01g32770 
Osp 603 ACTTGTGTGATGTCTGCCTGT 
Osp 604 GGTGCGAAACAAGGAAATAACC 
Os07g12340 
Osp 607 TTCATCAGAGCTGTGTCAAGTG 
Osp 608 AGCAATGCCAATTCAAGGATGGA 
Os04g51000 
Osp 524 AGAAGGCGAGGAGGAAGAAG 
Osp 525 GCACTGCTCGTACAGATGGA 
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Os08g39890 
Osp 609 GGATATGGTGCCAACACATACAG 
Osp 610 GACATGGCTGCAGCCTGGTTGTG 
Os03g53340 
RT 1196 TTCTGGATGCAGCTGCTCAG 
RT 1197 TCATCCTCCTCGTCGTTGTC 
Os09g35790 
RT 1214 AGCAACTTCGTGATGCACTG 
RT 1215 CACCATTTGCTGTTGTCTGC 
Os03g04240 
RT 1374 CACGGCTTTAATTCGTCGGG 
RT 1375 GAGAGGAGACCTCAAGAAGGC 
Os03g04220 
RT 1376 AGTTCCAAGGGGTTGTCACG 
Osp 640 ACTCATGGAAAGGACACAATCAA 
Os11g02240 
Osp 643 CTGTCCTCGCATCCACTCC 
Osp 644 CCTTGAGGCTTTCACTGCTTG 
Os03g12730 
Osp 463 CACCTTCCTCGACCTCTCTG 
Osp 464 GCTGTTAGGCTCTGCATTCC 
Os01g08860 Osp 611 ATTCCGCATCTCTCTGCATC 
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Osp 612 CAGACCACCATGTCCTCACA 
Os02g02410 
Osp 613 CACCAAGAAGTCCCAGGTGT 
Osp 614 GTCGAACTTGCCGAGAAGAC 
Table 7 Primer used for RT-qPCR. 
 
Microfluidic Dynamic Array 
A Microfluidic Dynamic Array (Spungeon et al., 2008) experiment to evaluate 
the differential expression levels of selected genes between wild-type and 
osmads13 mutant was done in collaboration with the Genomics Platform of 
CRAG (Barcelona, SPAIN), according to manufacturer’s instructions. RNAs 
extracted from whole inflorescences used for the RNA-seq experiment, and 
from Laser Microdissection samples: wild-type Ovule Primordia (OP) and 
osmads13 mutant OP, were analysed on a single chip. OsEF1 reference gene 
was used for data normalization and relative gene expression values were 
determined using the delta-delta Ct method. 
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